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Abstract

Leather is an important material for the field of fashion, with an ever-increasing
demand. However, the management of industrial and post-consumer waste is still an
environmental issue.

Additive manufacturing (AM) encompasses a range of innovative techniques that
enable the versatile processing of a wide variety of materials. This technology
facilitates the creation of intricate forms with minimal or restricted manufacturing
effort, and it also permits the incorporation of diverse materials within a single object.

The aim of this project is to give leather a second life, through the use of 3d printing.

Two main paths have been identified: the printing of a flexible material and the
printing of a rigid material. Leather was evaluated as reinforcing filler, and different
formulations were analysed. Composite materials were processed through the Direct
Ink Writing (DIW) technology.

Environmental impacts were analysed through Life Cycle Assessment (LCA) to
compare a traditional leather industry process and recycled leather process with the
help of AM.

Further research is to be done in the future, mainly aimed at identifying specific
functions for both materials.

Key-words: leather; additive manufacturing; Direct Ink Writing; Life Cycle
Assessment
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Abstract in italiano

La pelle € un materiale importante per il settore della moda, con una domanda in
costante aumento. Tuttavia, la gestione dei rifiuti industriali e post-consumo e ancora
un problema ambientale.

La manifattura additiva (AM) comprende una serie di tecniche innovative che
consentono la lavorazione versatile di un'ampia varieta di materiali. Questa tecnologia
facilita la creazione di forme intricate con uno sforzo di produzione minimo o limitato,
e permette anche l'incorporazione di diversi materiali in un singolo oggetto.

L'obiettivo di questo progetto e dare una seconda vita alla pelle, attraverso 1'uso della
stampa 3D.

Sono stati individuati due percorsi principali: la stampa di un materiale flessibile e la
stampa di un materiale rigido. La pelle e stata valutata come riempitivo di rinforzo e
sono state analizzate diverse formulazioni. I materiali compositi sono stati elaborati
attraverso la tecnologia Direct Ink Writing (DIW).

L'impatto ambientale e stato analizzato attraverso il Life Cycle Assessment (LCA) per
confrontare il processo tradizionale dell'industria della pelle e quello della pelle
riciclata con I'aiuto dell' AM.

In futuro saranno condotte ulteriori ricerche, volte soprattutto a identificare funzioni
specifiche per entrambi i materiali.

Parole chiave: cuoio; manifattura additiva; Direct Ink Writing; Life Cycle Assessment
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1 Additive Manufacturing

International Organization for Standardization (ISO) / American Society for Testing
and Materials (ASTM) 52900:2021 defined additive manufacturing (AM), or more
commonly known 3D printing (3DP), as the “process of joining materials to
make parts from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing and formative manufacturing methodologies” [1].

The same standard divide AM processes in 7 methods, as in :
e Dbinder jetting;
e directed energy deposition;
e material extrusion;
e material jetting;
e powder bed fusion;
e sheet lamination;

e vat photopolymerization.

S T
Additive
Manufacturing

\T/

/‘J“\
. . Directed Energy Material Powder Bed Sheet Vat
Binder Jetting . ; i - L
Deposition Extrusion Fusion Lamination Photopolymerization

L ~— Y S L ~—

Figure 1: Additive Manufacturing methods.

The general approach of AM, common to all seven methods, involves the progressive
addition of material, using different techniques, on a collection platform. The material
can be supplied in solid form or in liquid form. A computer-generated path guides the
3D printing of the object, which, layer by layer, comes to completion. The final
mechanical characteristics of the object, strongly depend on parameters and printing
choices, such as position of the part on the printing plate, percentage and pattern of
the fill, number and thickness of the outer perimeters. Different are the capabilities of
AM technologies [2]:

e design flexibility, thanks to the layer by layer building that allows the creation
of highly complex shapes [3]. AM methods offer design freedom by imposing
fewer constraints than subtractive or casting processes. This allows precise
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material placement, optimizing structures for efficiency and reduced mass
through digital production.

Cost of geometric complexity: the complexity doesn't come with any extra costs,
as it doesn't require additional tools, fixture changes, increased operator skills,
or additional time for fabrication. In AM, designers can explore complex shapes
without worrying about added expenses, making it a highly attractive option
for intricate designs.

Dimensional accuracy in additive manufacturing (AM) measures how closely
the final product aligns with the digital model. While AM initially served
prototyping, it now achieves tight tolerances, nearing industrial standards to
meet growing demands for finished parts.

Need for assemblage: Additive Manufacturing enables intricate shapes that
would require assembly traditionally. It also allows "single-part assemblies"
with integrated mechanisms, printed as one piece with temporary support
material. However, post-processing, including support removal, may introduce
slight geometric inaccuracies.

Time and cost efficiency in production run: conventional processes like
injection molding excel in time and cost efficiency for mass production [4],
despite their high initial setup costs. In contrast, additive manufacturing (AM)
processes are slower in fabricating components but shine when it comes to low
part quantities because they don't require costly startup tooling [5].
Additive manufacturing's on-demand, localized production minimizes
inventory costs and reduces supply chain expenses. It generates minimal
material waste, notably in powder bed fusion technologies, leading to a low
"buy-to-fly" ratio. When combined with efficient designs, it can be economically
advantageous for various applications.

Despite the benefits of AM, the technology is not without drawbacks that need to be
investigated and developed. While specific challenges may be more prominent in
certain additive manufacturing methods or materials, there are a few challenges that
are universal and apply to almost all AM methods. These shared challenges are
significant and relevant across the entire spectrum of additive manufacturing
techniques.

Build speed: additive manufacturing remains slower when compared to mass
production methods like injection molding. However, this slower pace has been
acceptable in many applications, particularly those in customized
manufacturing, where the flexibility of AM processes outweighs the speed
limitations. [6], [7]

Mechanical properties and anisotropy: Anisotropic behavior is a significant
challenge in additive manufacturing (AM), stemming from the layer-by-layer
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1.1.

printing process, which results in varying material microstructures within
layers and at layer boundaries, leading to different mechanical behavior in
vertical and horizontal orientations. Anisotropy affects various materials,
including metals, ceramics, and polymers, posing challenges but also offering
advantages for specialized applications like anisotropic wettability. Research is
ongoing to enhance AM product mechanical properties, with a focus on
composite materials. [2], [6], [8]

Resolution: Additive manufacturing faces an inherent trade-off between layer
resolution and overall object size. Higher resolution improves surface quality
but prolongs printing time [2]. Spatial resolution, influenced by AM method
and material, impacts object quality [6]. Layer-by-layer manufacturing creates
stair-step surfaces, often requiring post-processing. Each AM method has
unique resolution challenges [6], [8].

Multi-material parts: Incorporating multiple materials within a single printed
object is challenging due to various material differences and potential issues
like contamination and slow transfer in multi-material AM (MMAM) [6].
Heterogeneous objects can be categorized into two types: distinct material
sections in heterogeneous solid models and gradient transitions between
materials in functional graded models, offering unique possibilities compared
to homogenous parts. [7]

Surface finish: they are essentials in same cases after printing to address various
issues like support removal, refining features and enhancing surface quality.
Stair-stepping effect is typical of printed parts due to the layered construction,
mainly on curved and inclined surfaces [7]. Various methods are adopted to
overcome these problems, as sanding, melting and acetone finishing, causing
extra time, money and waste. Support generation is fundamental for prominent
parts, increasing the problems just described. Careful support material removal
is essential post-printing, ensuring the intended design remains intact and burrs
or residue are effectively removed [9].

History

1980 is remembered as the birth of the 3DP. Hideo Kodama files the first 3DP patent
application, describing a photopolymer rapid prototyping system that uses UV light
to harden the material; but the idea is never commercialized. Three years later, Charles
Hull invents the first stereolithography (SLA) machine, belonging to Vat
Photopolymerization. In 1987 the first selective laser sintering was developed by Carl
Deckard; and in 1989 Scott and Lisa Crump patented the first fused deposition
modelling (FDM), nowadays the most diffused 3D printer in the world. [10]
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During the years, 3DP has acquired the interest of many academics and people, thanks
to its versatility, cheapness and potentiality. In fact, it is present in several fields, as
bio-fabrication [11]-[14], electronics [15]-[18], personal products [19], [20],
construction [21], aerospace [22]. After the first commercial instruments were
introduced, the number of scientific and technological publications increased year
after year, to confirm the immense potential of this process. But only in in recent years
we have witnessed to the explosion of the 3DP. We have passed from 3 documents in
2000, to 188 in 2010, to 10864 in 2022 (via Scopus) [23], as shown in Figure 2.

Documents by year
12.5k
10k

7.5k

5k

Documents

2.5k

0
1993 1996 1999 2002 2005 2008 2011 2014 2017 2020 2023

Year
Figure 2: Scientific growth on 3D printing.

It wasn’t only a publication impact, but also economic. [6]

1.2. Economic impact

In recent years, the additive manufacturing market has experienced substantial
growth, surpassing 5 billion USD worldwide in 2015. This growth attracted major
players in the manufacturing industry. AM can produce parts from metals, polymers,
and ceramics, with material sales exceeding 900 million USD in 2016. Figure 3 resumes
the datas. Interestingly, photopolymers remain the dominant material class, with sales
of 350 million USD, primarily used for molding and prototyping. AM metals generated
127 million USD in sales, while polymer powders for laser sintering amounted to 225
million USD. Polymers are the most widely used materials in AM. [6]
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Figure 3: Market growth on 3D printing.

1.3. Typical AM Process

All AM products start from a computer drawing and finish with the use of them in
some application or more simply as design object. There are different steps to follow
[6], [24]:

CAD: it’s a software model that describes the geometry of the piece and gives as output
a 3D solid representation.

STL conversion: to simplify the geometry of the model and reduce the input data for
the machine.

G-code conversion: it’s a slicing, that is the process of breaking down a 3D model into
a finite number of horizontal layers which can be printed one layer at a time, the STL
file and plan the working path. In this step machine parameters are set up too, as the
print speed, layer height, volume flow, infill and shell thickness, fill density etc.

Printing: automated step. A monitoring of the machine is recommended to ensure no
errors take place.

Removal: when the print is complete, the part is removed from the plate paying
attention to avoid machine or object damaging.

Post-processing: optional step. It increases the quality or properties of the piece.

1.4. Classification of AM processes

Based on ASTM Standards, we have 7 classes of processes that differ for printing
methods and parameters and materials suitable to be processed. [2], [6], [25], [26]
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1.4.1. Binder Jetting (BJ)

In this category, powder particles are joined together due to a liquid bonding agent.
Allis selectively deposited to fuse powder materials [2], [25]. Same advantages are free
of support, design freedom, large build volume [25]. Different materials can be used:
metals, ceramics, polymers, sand [2], [25]. A representative scheme is shown in Figure
4.

Figure 4: Binder Jetting scheme.

1.4.2. Direct Energy Deposition (DED)

Directed Energy Deposition (DED) employs a metal feedstock. This material is fed
through the 3D printer's extruder, where it encounters an intense heat source, such as
a laser, electron beam, or plasma. This heat source melts the metal, and the molten
material is precisely deposited. Deposition and fusion happen at the same time. The
process continues layer by layer, with the baseplate lowering or the extruder raising,
after each layer to enable the construction of the next [2], [6], [25]. It's used only with
metal particles or wires [2], [6], [25] and is applicable to repair of damaged parts [2].
Figure 5 represents a typical DED setup.

Material spool

Electron beam

Object 4\ A

Material wire
supply

Material wire

Build platform

Figure 5: Direct Energy Deposition scheme.
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1.4.3. Material Extrusion (ME)

Material is molten and extruded through a nozzle and deposited onto the build
platform layer after layer. The molten material hardens when it comes into contact
with the substrate and previous layer [2], [6], [25]. Thanks to the inexpensive and
flexibility extrusion systems, different methods have been developed [2]. The
combination of materials that can be used in this method is enormous: polymers,
ceramics, metals, cement, or waste materials, to reduce the environmental impact, and
so on; different are also the form of the material like filament, road, slurry or pellet [2],
[25]. Material Extrusion scheme is refigured to follow in Figure 6.

Material Spool /j

T—— Suppor Material

Buiid Platform

Figure 6: Material Extrusion scheme.

Two technologies, namely Fusion Deposition Modeling (FDM) and Direct Ink Writing
(DIW) are the most diffused in this printing method. They will be described in detail.
Over time, these technologies have become widely adopted and increasingly
accessible to individuals without professional expertise, largely due to the availability
of affordable commercial machines.

1.4.3.1. FDM

Fused Deposition Modeling (FDM) is the most diffused 3D printing method that
employs a continuous thermoplastic polymer filament to create a material layers. The
filament is heated at the nozzle, becoming semi-liquid, and is extruded onto the
platform or previous layers, solidifying at room temperature. Key processing
parameters affecting mechanical properties are layer thickness, filament width,
orientation, and air gap [27]. Mechanical weakness often results from inter-layer
distortion [28]. FDM's advantages include cost-effectiveness, speed, and simplicity, yet
it's marred by weak mechanical properties, visible layering, and limited thermoplastic
material options. Incorporating fiber-reinforced composites enhances mechanical
properties but presents challenges like fiber orientation and void formation. FDM's
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suitability for polymer composites relies on thermoplastic filaments and is limited by
difficulties in reinforcement dispersion and void removal [29], [30].

1.4.3.2. DIW

Direct Ink Writing (DIW) stands out as a highly versatile additive manufacturing
technique capable of shaping a wide range of materials as ceramics [31], metals [32],
polymers [33] and composites [34]. Formulation of ink material is the key of its success,
because it needs to be high viscoelastic before extrusion, effectively shear-thin when
passing through narrow nozzles, and regains its viscoelastic properties upon
deposition [35]. Adapting functional or composite materials remain challenges for this
process, due to difficulties in ink designing with the needed characteristics [36]. In
addition, organic solvents or water content in the ink, coupled with low solid contents,
can lead to issues as micropores or dimensional changes in printed objects [37][37]. As
a result, despite its potential, DIW technology has mostly found use in research labs
for small-scale production, limiting its practical application in industry. [38]

1.4.4. Material Jetting (M])

It’s a selective deposition of liquid droplets from the fluid channel onto the substrate
[2], [6], [25]. The phase changing, from the liquid to the solid one, of the jetted droplets
is caused by heating or photocuring. The liquid resin is heated to achieve the optimal
viscosity for printing, then the printhead travels over the build platform and hundreds
of tiny droplets of photopolymer are jetted/deposited to the desired locations. Material
is cured by UV light, it solidifies, and the process is repeated for the other layers. In
the last years this approach has spread in different fields, from semiconductors [39] to
suspensions of ceramics [40]-[42] or metals [43]. The main limitation of this method is
the viscosity, that can cause printability issue. It's necessary to have a liquid material
with a viscosity compatible with the limited viscosity window of the technique [2].
Figure 7 shows the technology.

‘ Applied
pressure

Material

Nozzle

Extruded filament

4

Figure 7: Material Jetting scheme.
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1.4.5. Powder Bed Fusion (PBF)

A thermal source, like a laser, is used to selectively induce partial or full melting of the
powder particles [2], [6], [25]. A rolling mechanism spreads the new layer of material
and, again, there is the fusion [2], [25]. Sometimes there is no melting of the material
but sintering, resulting in a porous structure of the resulting product. Sintering is a
softening mechanism due to the lower temperature than the fusion one, as the binding
mechanism. Metals are the typical materials used in this method [25]. In Figure 8 the

mechanism is schematized.

XY axis laser beam Powder

\' surface
Fo]cr'med

ject

/0 |EC

Leveling drum

Powders

-1

Figure 8: Powder Bed Fusion scheme.

1.4.6. Sheet Lamination (SL)

Material sheets are either cut by laser (laminated object manufacturing LOM) or
combined by ultrasounds (ultrasonic additive manufacturing) [25]. LOM consists of
superpositioning several layers of material composed of foil to manufacture an object.
The operator cut each foil to shape with a knife or laser to fit to the object’s cross-
section. Advantages are low internal tension and fragility, cheapness, high surface
quality [2]. Metal, paper and plastic sheets can be worked with this technique [25].
Figure 9 represents the technology.
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Figure 9: Sheet Lamination scheme.

1.4.7. Vat Photopolymerization (VP)

A liquid photopolymer is selectively cured in a vat by a laser [6]. Photopolymerization
is a chemical process of linking small monomers into chain-like polymers [25]. Most of
materials used in this system are curable in UV range [2], [25]. Same disadvantages
can be processing errors due to overcuring, scanned line shape, high costs [2]. This
method is similar to material jetting, which uses lower working temperatures. Only
photopolymers are used in this method [2], [25], so a challenge for the future could be
the investigation of new materials or combination of them. In the following Figure 10,
a scheme of the process is shown.

Lagar
Y Platform

Figure 10: Vat Photopolymerization scheme.
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1.5. Materials

1.5.1. Polymers and composites

Thanks to their versatility and easy processability, polymers are the most used 3DP
materials [8], [30]. There are two main families of polymers: thermoplastic and
thermosetting [44].

As regard the first, in AM, they are found in form of filaments and processed mainly
with FDM, where the filament reaches the melting point and can be easily printed onto
the platform. PLA and ABS are the most diffused materials in this field; the first is eco-
friendly but with low mechanical properties, the second has good properties but with
unpleasant odour and styrene release during the print. [8]

Thermosetting polymers are mainly resins that, due to an energetic input like UV or
heat, meet curing and become solid. Printing methods for these materials are many,
from SLA to DIW or SLS. In this class, properties depend on different parameters as
intensity of the light, presence of impurities that degrade chains, presence of additives
that help the photopolymerization. [8]

In the last years, to compensate to the low mechanical properties of the printed
polymers, the use and study of composite materials has caught on. The introduction
of fillers, particles or fibres has different advantages: as just said the increment of
mechanical properties [8], [25], [30], the improvement of environmental footprint
through the matrix material reduction, or eventually a second life for filler wastes.
Nanocomposites represent an interesting subclass thanks their particular properties as
very good strength and lightweight, good thermal conductivity, better fire
performances, depending on the specific composite that functionalizes the polymer
matrix. They offer new opportunities to the 3D industry because they own uncommon
characteristic than traditional materials [8].

Challenges for these categories are the investigation of more suitable materials and the
development of more specific application for appropriate composites. [8], [30]

1.5.2. Metals and alloys

Metals in AM is a field in continuous expansion. Nowadays, application of interest of
these materials are biomedical [45], aerospace [22], automotive [46], research [47].

The process of 3DP of metals is the following powders or wires are melt using a laser
or electron beam as energy source and deposited layer by layer forming a solid piece.
Powder bed fusion (PBF) and direct energy deposition (DED) are the most used
printing technique; direct metal writing, diode-based process, cold spraying, friction
stir welding and binder jetting are less diffuse due to and need to be developed. [8]
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The most common metals in AM are stainless steel, tool steel, titanium and its alloys,
nickel alloys, aluminum alloys, cobalt alloys and magnesium alloys. Al alloys are the
most used thank to low cost, high performances and workability.

The challenges for next years are: increase the number of materials, in particular high-
entropy alloys, magnetic alloys, high-strength alloys, functionally graded alloys and
bulk metallic glasses; develop new printing technologies and improve those already
existing. 8]

1.5.3. Ceramics

Ceramics alone are not suitable for 3DP due to the incapacity of powders to fuse
together for the high melting points. This is the most important challenge about these
materials, so they are mixed with polymers in liquid (resins) or solid (filaments) phase
to be able to be printed and sintered. Nowadays, 3DP is able to produce porous or
pore-free parts, the second one through the use of a colloidal process, that is the
process for consolidating particles with a high density and homogeneous
microstructure by controlling the interparticle interaction in a suspension [25]. The
capacity to control the porosity is what makes AM interesting for the processing of this
class of materials [8].

Stereolithography, inkjet, powder bed fusion and paste extrusion are the most used
methods. Due to the probability to have a thermal shock of the piece, from melting
point to room temperature, selective laser gelation (SLG) was introduced. It combines
sintering and sol-gel technique for ceramic-matrix composites. For ceramics with high
melting point, a binder with a low one is used. First of all the binder, activated by a
laser, gives a shape, then the green is sintered at higher temperature. But this method
doesn’t guarantee the same properties as the cast one. The main parameter that affects
them is particle size distribution, that impacts on flowability, density and shrinkage of
3D sample. Direct ceramics stereolithography (CSL) adopts a similar printing method
where ceramic fillers are dispersed inside a binder and then the green is cured. But in
this case the particle size distribution is not predominant factor for the printing. The
last technique provides the use of a filament or ceramic paste extruded by a nozzle. In
this method the rheology of the material is fundamental. [8]

1.5.4. Biomaterials

At the moment, it's the field of greatest interest. The keyword in this case is
“biocompatibility”, because we are speaking about materials used for human body
(functional tissue and organs). “Bioprinting is a collection of additive manufacturing
(AM) technologies, whose aim is to fabricate parts imitating real tissue and organ
functionalities by combining both living and non-living materials in a specific three-
dimensional (3D) spatial organization structure” [48]. The number of materials in this
field is very limited (natural polymers, sodium alginate, chitosan, acrylates-based
polymers, hydrogels), and this is the main challenge for researchers. [25]



11 Additive Manufacturing 13

Hydrogels are a “non-fluid colloidal networks or polymer networks (usually) that are
expanded throughout their whole volume by water”, as shown in Figure 11 [49]. They
are the most used materials as they are rich in water, that is necessary for the living
tissues growth.

Biocompatibility and other concerns for medical applications: the use of tomographic
images to create patient-specific objects make the AM very promising in personalized
medicine field. Surgical planning, prosthetics, dentistry and tissue engineering are the
major interested [50]-[55]. The main limitation is the cytotoxicity of same materials as
acrylates [56], [57]. PLA instead has a good human compatibility but limited
mechanical properties [58]. One of the main goal for the research is the incorporation
and growth of living cells, limited by temperature and process control issues. [6]

Hydrophlic Polymer Chains

Hydrogel

Figure 11: Hydrogel formation by crosslinking process from hydrophilic polymer chains.

Unlike other materials (metals, ceramics, polymers), hydrogels don’t require the use
of catalysers, solvents or high temperature incompatible with live environments. They
can be processed in mild conditions and simulate extracellular matrix.

Fundamentals are the physicochemical properties of the ink, which is the material that
must be printed in the DIW method, to have a good printability and guarantee cellular
viability. The most important parameters are rheology and crosslinking mechanism.
[59]

From a rheological perspective, ideal ink materials for 3D printing should exhibit
shear-thinning behavior. As shear rate increases, viscosity decreases due to disruption
of fluid interactions or ordering of macromolecules in the flow direction. This
relationship is described by a power-law model Equation 1:

n=Ky" 1

where 1) is viscosity, K is the flow consistency index, y is shear rate, and n is the power-
law parameter. For shear-thinning materials, n ranges from 0 to 1, with 1 indicating
Newtonian behavior and values greater than 1 indicating shear-thickening behaviour.
Furthermore, the presence of a yield stress, that stabilizes the ink, is fundamental.
When the shear stress is above it, the material flows through the nozzle; when it’s
deposited on the substrate, and so the pressure is removed, the yield stress gives the
sufficient stability to the ink to have a defined geometry. Rheology is determined
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mainly by the polymer concentration and molecular weight, the higher the better for
stability of the printed structure, but cellular life pays the consequences. The same
issue is observed in nozzle zone, where the stresses are higher and can induce the
cellular death (smaller the nozzle, worse for cells). [60], [61]

A clear behavior representation is shown in Figure 12.

Figure 12: 3D printing reproduction and simulation of ink behavior at different stages.

Solubility parameter, temperature, shear rate and other specific parameters influence
on the ink rheology.

Crosslinking mechanisms are divided in physical and chemical processes. The first
category is represented by ionic, stereocomplex and thermal mechanisms. They
present reversible interactions, constant viscosity during the printing and very good
compatibility with biological systems; disadvantages are the necessity of post-
processing crosslinking and mechanically weak constructs [59]. As regard the ionic
mechanism, it is fundamental in biofabrication, mainly with biopolymers like alginate,
a water-soluble polysaccharide. Alginate gels rapidly when comes into contact with
di/trivalent cations as Ca?", making it suitable for cell entrapment in tissue engineering
and drug release [62], [63]. Also hydrogels using electrostatic interactions between
oppositely charged particles have emerged, forming quickly when mixing and turning
fluid with specific shear stress conditions. They have potential in drug delivery and
bioprinting applications [64].

Stereocomplex formation regards hydrogels created by coupling a specific oligomer to
water-soluble polymers. Hydrogels are crosslinked by stereocomplexes of opposite
chirality, with controlled drug or protein release and cell entrapment as potential fields
of application. [65]-[67]
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For the last class of physical crosslinking, hydrogels change their physical state from
liquid, at room temperature for the formulation with bioactive substances or cells, to
gel, at body temperature post-administration. [68], [69]

Chemical crosslinking mechanisms exploits the formation of covalent bonds to create
hydrogels by linking low molecular weight monomers or polymeric building blocks.
These methods can be adjusted for hydrogels with good handling properties and high
mechanical strength. Usually, low-viscosity solutions with gel precursors, as
monomers or initiators, are mixed, increasing the viscosity through crosslinking until
the formation of the 3D polymer network. However, fundamental is the control of
crosslinking kinetics. [59]

There are two main groups of hydrogels: natural and synthetic. The most common
natural hydrogels are based on biological materials such as alginate, gelatin, collagen,
chitosan, fibrin, hyaluronic acid. For synthetic one the most used are poly(ethylene
glycol) (PEG) and pluronic. [59]

1.5.5. Concrete

The use of this material in AM was developed in construction industries. The
technology exploited is contour crafting. Like inkjet printing, it extrudes the concrete
paste at high pressure from a nozzle with attached a trowel-like tool to give a smooth
finish. The printability is determined by the fresh concrete properties. To avoid the
collapse of the layers, a studied design and suitable equipment are to be used. The
introduction of fibers increases mechanical properties of the structure and
nanoparticles can improve chemical properties or the behavior when exposed to
atmosphere. Another important challenge is the durability of 3D printed structures,
due to the rapid evaporation of the water that increases the shrinkage rate and risk of
cracking. [8]

New materials are investigated nowadays and in the future due to the increasing
complexity and multi-functionality of the products (biomaterials, nanomaterials,
smart materials, concrete, metals, ceramics...). Also the necessity to have lasting, high
mechanical properties and ecofriendly materials is a main field for the research. Along
with materials, 3D printers are an interesting development field, due to same
important limitations that afflict them as built speed, anisotropy, resolution, multi-
material printing and the need of supports.
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2 DIW

Direct Ink Writing (DIW) is a material extrusion technique in which a liquid ink,
contained in a cartridge, is extruded through a nozzle onto a substrate, and, via
external stimuli as UV light or temperature, crosslinks becoming a solid material. It
has established as great potential and versatile 3DP method thanks to the wide range
of materials, the low cost of the system, the possibility to print multimaterials [60]
(simultaneously or not [70]). Challenges remain in adapting functional or composite
materials due to ink design complexities [36]. It was born to create complex ceramic
pieces, and only then was investigated in laboratories to exploit in small scale
fabrications [2]. The application fields are wide too: soft robotics [71], [72], biomedical
implants [73]-[75], stretchable electronics [76]-[78], smart composites [79]-[81], energy
storage [82], food printing [83] and so on.

There are three main extrusions, in Figure 13, for the deposition of material:
pneumatic, mechanical piston, screw extrusion. The first one is controlled by the air
pressure; the second by the motion of the piston and the last by the rotation of the
screw [70]. Piston-driven deposition offers more precise control over ink flow than
pneumatic one, while screw-based systems excel with high-viscosity materials.
However, the latter can generate excessive pressure at the nozzle, potentially harming
embedded cells in bioprinting cases. Custom screw designs are necessary. [59]

Pneumatic  Piston Screw
Inlet
Ll e
- F -—.—
|
~ ~ N

Figure 13: Three main extrusion in DIW technology.
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2.1. Ink rheology

To guarantee the adequate printability and to form self-supporting extruded layers,
the ink must have a specific rheology. The printer must extrude a continuous filament
and the layers’ shape must be preserved after the deposition. [60]

From a rheological point of view, shear-thinning behavior at different flow rates is
required. This is a non-Newtonian behavior in which the viscosity decreases when
shear rate increases [60]; this phenomenon is due to the disruption of interactions
inside the fluid or the ordering of macromolecules in the flow direction from an initial
disorder state at rest [61]. The viscosity is linked to the shear stress with a power-law
model Eq. 1 [60], [61]:

n=Ky"! 1

where 77, K, ¥ and n are respectively the viscosity, the flow consistency index, the shear
rate and the power-law parameter. For shear-thinning fluid or pseudoplastic, n is a
value between 0 and 1; 1 for Newtonian and greater than 1 for shear-thickening or
dilatant [60], [61]. Figure 14 summarizes different material behaviors. A suitable ink
for the 3D printing must have a yield stress that guarantees the stability and continuity
of the ink flow under pressure [60].
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Figure 14: Shear stress and apparent viscosity as a function of shear rate for different
material types.

Also materials with a different rheological behavior can be processed, but in this case
an immediate solidification upon the exit from the nozzle is necessary. Such
solidification can be due, for example, to photopolymerization or gelation [70]. When
considering materials with these properties, Herschel-Bulkley model, Eq. 2, is taken
into account:
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T=1ny =1, +tKy" 2

where 7,, is the yield point of the ink and 7 the shear stress [60], [70], [84], [85]. Above
the yield point 7,, the ink starts to flow with a stable and continuous flow. If the shear
stress is lower than the yield point, the material shows a solid-like behaviour [70].

As regards the viscosity, it can exhibit a dependence at a constant shear rate with the
shearing time and materials, consequently, classified in Newtonian, thixotropic or
rheopectic. For the first class of fluids, the viscosity is independent from the shear rate
and shearing time. For the second class, when we applied a constant shear stress,
viscosity decreases with time due to the progressive breakage of internal attractive
interactions. Rheopectic materials show the opposite behavior: increasing the time of
application of the shear stress, viscosity increases, caused by the shear-induced
microstructural consolidation of the materials. [61]

The rapid transition from shear-thinning to solid-like behavior upon removal of
external stimuli is fundamental to give the suitable stability and shape retention to the
printed structure [60]. This is linked to the complex modulus G*, that derives from
oscillatory test and gauges a material’s resistance to deformation. It splits into two
parameters: G’ and G, respectively the storage modulus, derived from G* - cos(d),
where 6 the phase angle, that represents the elastic behaviour of the material
associated to the elastic stretching of the internal bonds; and the loss modulus, derived
from G* - sin(§), that represents the viscous one associated to the internal friction [61].

e

Figure 15: Simulation of ink behavior during extrusion from the nozzle.

Figure 15 is the ideal rheological response of a DIW ink [60]. In region 1, the material
has a shear stress above the yielding point, so it yields and can flow through the nozzle
and its behavior is liquid-like. In this zone G” must be higher than G’. On the platform,
in region 2, when the stress is removed, the ink becomes a viscoelastic solid. This
allows the structure to sustain its own weight and so to carry out the whole printing
process. Opposite to the previous situation, G" must be higher than G”” and the ink is
solid-like [60], [61], [70], [84]. If G" remain constant over low shear stress, there is a
linear viscoelastic region (LVR) [60].
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2.2. APPLICATIONS

In recent years, the demand for multi-materials is continuously increasing in additive
manufacturing. Originally, AM stood out in producing complex component that
required minimal or no post- assembly. As it expanded to functional and complete
devices alongside structural parts, the term "complex" extended beyond geometry.
Functional components often involve various materials and components. This is
noticeable in how additive manufacturing is being applied to different fields as
recycling economy, electronic and biomedical.

2.2.1. Recycling economy

Human actions, in particular the continuous growth of fossil-based materials, such as
synthetic polymers, have risen to significant environmental concerns. Due to the
multimaterials nature of fiber reinforced polymers (FRP), a class of engineering
materials, a recycling challenge has been placed. Compared to thermoplastic
polymers, FRP have a limit of recyclability [86]. Estimates suggest that the worldwide
annual carbon-FRP waste production could potentially reach 20ktons by the year 2025
[87].

Nowadays the end-of-life of composite materials is represented by the linear economy
model of “take, make, and dispose”, with their disposal to the landfilling [88]. Due to
this unsustainable process, words is moving toward circular economy model, in which
various recycling methods have been investigated to recover high-value materials
from composites, such as mechanical grinding, pyrolysis, and solvolysis [89].
However, challenges in term of scale-up, maintenance cost, and energy demand affect
this circular model [90].

Carbon [91], [92] and glass [91], [93] fibers, because of their excellent mechanical
properties, are used in 3D printing with thermosetting polymers to fabricate complex
and lightweight composites [94]. Nevertheless, due to their high cost of recycling, they
present an important challenge in post-use. Recently, additive manufacturing has
emerged as a new frontier with the potential to address the recycling and reprocessing
of composite materials. This innovative approach allows the reutilization of recycled
FRP through UV-assisted 3D printing with thermosetting polymers, such as epoxy or
acrylate resins, demonstrating a promising cost-effective method for recycling and
manufacturing high-performance composite components, and contributing to a more
sustainable future [91]-[93].

2.2.2. Electronic

In the field of modern electronics, especially in that of flexible electronics, DIW has
emerged as a transformative technology with a great potential thanks to its ability to
direct deposit electronic modules, including energy storage devices, onto flexible
substrate. [95]
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Mechanical rigidity, flexibility, and robust adhesion to substrate are essential for
printed structures while maintaining high electrical conductivity. DIW is therefore the
best choice for the fabrication of wearable and flexible strain [96] and tactile sensors
[97]. The ability to create micro and nanoporous structures [98], design flexibility, and
the use of conductive nanofillers are features that only DIW can give. Human motion
detection and human-machine interface sensors are fields in which DIW technology
produced lightweight and portable strain sensors [84].

DIW’s simplicity, cost-effectiveness, and digital pattering capabilities position it as a
viable alternative to traditional lithographic processes for circuit fabrication, with the
use of metallic and conductive nanoparticles, as well as liquid metals, to transmit
electrical signals between elements. Planar, 3D or reconfigurable interconnections [99]
can be patterned on different substrates, showing the potentiality of DIW technology
in circuit design in various fields as solar cells [100], LEDs [99], transistors [76], and
antennas [101]. To further highlight its versality in electronic applications, it has been
utilized for crafting radiofrequency devices for wireless networks [102] and flexible
nanogenerators [103] to power electronic devices and 3D photonic crystals [104].

2.2.3. Biomedicine

DIW has emerged as a versatile technology with a remarkably impact for biomedical
and tissue engineering fields. Thanks to its capacity to 3D print a wide range of
materials in practically any shape and size, the application in which it has spread also
involve the creation of artificial organs and bio-implants [105], [106], microvascular
networks [107], scaffold for bone repair and replacement [108], [109], tissue
regeneration constructs [110], [111], and advanced biomedical devices [112].

Mechanical robustness, biocompatibility, and seamless integration that DIW brings to
printed scaffolds, affirm the magnitude of this technology. DIW-printed hydrogels
exhibit considerable mechanical properties and foster cell attachment under
physiological conditions, guaranteeing a cell viability over 93% [105]. The possibility
of using polymers [113], metals [114], and ceramics [115] to fabricate 3D scaffolds,
ensure mechanical properties similar to those of human bones and cartilage with
elevated biocompatibility [108].

The precise deposition capabilities, encompassing cells and bioactive compounds are
the pivotal feature of DIW technique. This precision unlocks new paths for the
development of patient-specific wearable devices, intelligent biomedical implants,
health monitoring solutions, and cutting-edge regenerative biomedicine. Thanks to
room temperature extrusion, it guarantees the viability of soft materials as
biopolymers [116], cells [117], and bacteria [118], rendering them ideal for constructing
tissues tailored to patients and specific organs.
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In conclusion, DIW offers an innovative and versatile approach in biomedical
applications and tissue engineering, with the possibility to create intricate, functional,
and biocompatible structures. [60], [70]
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3 Life Cycle Assessment

Life Cycle Assessment (LCA) is a comprehensive method for evaluating the
environmental impacts of products throughout their entire life cycle. It takes into
account not only the emissions but also the depleted resources. Key guidelines and
frameworks for LCA include ISO 14040 and 14044, along with resources like the
International Reference Life Cycle Data System (ILCD) Handbook [119] from the Joint
Research Center (JRC), which aids LCA practitioners in their decision-making.

LCA assesses a wide range of products, encompassing both goods and services. A full
life cycle assessment considers every step from resource extraction to the product’s
End of Life (EoL). However, LCA studies can also focus on specific phases. For
example, “cradle to gate” studies focus on a product from the extraction (the cradle)
to its exit from the factory (the gate), where manufacturing occurs. When the analysis
extends to End of Life management, talk about “cradle to grave”. Conversely, other
studies are focused on the End of Life stage, which can be viewed as a “gate to cradle”
analysis, where materials enter the system as post-consumer waste requiring
treatment. “Cradle to cradle” is the last approach based on the circular economy idea.

In the realm of LCA, the term “system” or “product system”, denotes a collection of
activities and processes chosen for modelling because they represent crucial stages in
the product’s life cycle. Each of these activities, characterized by inputs and outputs,
is known as a “unit process”, and they exchange matter and/or energy through
“flows”, which in turn can be categorized as “product flows” when exchanges occur
within the system or with the broader technosphere, encompassing all human
activities outside the modelled system. Alternatively, “elementary flows” describe
exchanges strictly with the environmental emission. “Waste flows” is another
category, that need to be connected with waste management until processes.

There are four main staps within LCA structure [119], [120]:
e Goal and Scope definition
The Goal should explain six main aspects according to the ILCD Handbook:

1. Intended Application: a study having the objective of guiding decisions
by conducting an information comparison;

2. Limitations connected with the study from selected assumptions and
techniques;
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3. Reason for carrying out the study and the Decision Context;
4. Target Audience;

5. Whether the study is meant to be disclosed with public;

6. Commissioner of the study and other actors (if present).

In the process of defining the Scope, the system to be modeled is explored in
greater depth. It is necessary to establish the Functional Unit, which is a way to
measure the function of the system produced by answering questions such as:
what? how much? how well? for how long?. When making comparisons between
systems, it is essential that each has the same functional unit (ideal to answer
the questions in the same way). The Reference Flow is the flow within the
system that implements the functional unit and against which all other
inputs/outputs of the system will be evaluated. Systems usually have multiple
functions, which means that they can perform more than one main function,
while the others are referred to as "co-products.” As explained in the ILCD
Handbook, when defining Goal and Scope, it is critical to define the "decision
context." This determines the main methodologies to be used during the
development of life cycle inventories. In particular, it determines whether the
study will refer to an attributional or consequential approach and whether it
will adopt allocation or substitution to address multifunctional systems. In
conclusion, specific boundaries separate the various systems from the rest of the
technosphere, the selection of which requires justification, as the burdens of all
external activities are excluded from the subsequent steps. in addition, some
system activities can be excluded based on the "cut-off criteria,” which identifies
a predetermined threshold in terms of relative environmental impacts, below
which a process can be considered negligible. Moreover, already in the
definition of the Scope, it is necessary to include the methods to be applied in
both the LCIA phase (described below) and the interpretation phase.

Life Cycle Inventory (LCI)

This step refers to the collection of data and the concrete creation of the model,
including the definition of all unit processes along with their input and output
flows, which include both product and elemental flows, building the inventory.
the previous step defines how all these operations are to be performed. Data are
collected for two aspects: for the foreground system, where it is necessary to
obtain a data set that is as representative as possible of the specific life cycle
activities being modeled; for the background system, where databases are relied
upon for data collection (such as Ecolnvent).

Life Cycle Impact Assessment (LCIA)

Once the inventory has been created, all elementary inputs/outputs, with their
own units of measurement, must be linked to environmental impacts in the
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LCIA phase. To do this, Impact Assessment Methods, developed after extensive
experimentation, are entrusted to LCA practitioners. In the classification stage,
each elemental stream is analysed to identify which environmental issues it
might contribute to. The various issues affecting human health and/or
ecosystems are divided into Impact Categories. The categories evaluated can
vary among the different methods available and, more importantly, can be
evaluated through different Characterization Factors. The latter concept refers
to the characterization phase within the LCIA, in which each flow inventory is
converted into a contribution to the outcome of an impact category, as
measured by a single Impact Category Indicator (essentially a unit of
measurement that can quantify a given environmental problem). This
conversion, in fact, is done through characterization factors. It is also important
to note that impact categories can belong to two types: intermediate or
endpoints. Endpoint impact categories aim to directly measure natural
environmental, human health or resource impacts by identifying the main
problem of interest. On the other hand, midpoint impact categories measure the
intermediate variables of the environmental process between the LCI results
and the category endpoints. Finally, an optional procedure during the LCIA
phase is normalization, which seeks to recalculate an indicator result based on
reference data, such as annual emissions per capita. the goal is to obtain an
expression of impact in terms of People Equivalent (PE), for greater
understanding and comparability of results.

e Interpretation phase

The final stage of the LCA procedure, in which the results obtained from the
previous stages are summarized, interpreted and discussed and then
conclusions and recommendations are drawn. Several steps must also be
followed in this final stage:

o Completeness check

The inventory is checked to determine the degree of completeness and
whether the exclusion criteria defined in the scope have been met. The
impact assessment carried out must also be checked in the same way.

o Consistency check

The choices and assumptions made during the study are checked. In
particular, it is important to ensure that they are representative of the
defined purpose and scope.

o Sensitivity Check

It is the most important stage in which the robustness of the study is
assessed and recommendations are made. First, an order of importance
(influence on outcomes) and quality (reliability of the source) must be
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assigned to the data. A Perturbation Analysis quantifies importance, in
which Sensitivity Ratios (SRs) are assigned to parameters. SRs represent
the ratio of the change caused in an impact category outcome to the
change in the selected parameter responsible for that change Eq. 3:

_ Almpact Category Result

SR 3

AParameter

A Scenario Analysis can also be performed, which consists of varying
certain assumptions and modeling choices to test the robustness of the
results. Finally, through an Uncertainty Analysis, probability
distributions can be defined for key model parameters and the effect of
these uncertainties on the study conclusions can be evaluated through a
Monte Carlo analysis.

o Identification of significant issues

This last step involves analysing the contribution in order to identify
which major life cycle processes most affect the final results. it is also
essential to compare the results obtained with the literature for
consistency.

Conclusions

The conclusions should be iterative and assess whether the objectives and the
scope of the study have obtained answers. It is important to re-emphasize the
study's limitations. Any future recommendations should be cautious and
disclosed along with the time frame to which they apply.

The main impact categories considered in the project, and their indicators, are briefly
explained below [121]:

Climate change

The chosen parameter for characterizing the midpoint in relation to climate
change is the Global Warming Potential (GWP). This metric measures the
cumulative rise in infrared radiative forcing caused by a greenhouse gas (GHG)
and is expressed in kilograms of carbon dioxide equivalents (kg CO2-eq).

Ozone depletion potential

Ozone-depleting  potential (ODP) is denoted in kilograms of
chlorofluorocarbon-11 (CFC-11) equivalents. ODPs represent the cumulative
reduction in stratospheric ozone concentration over an infinite time horizon.

Human toxicity

The midpoint characterization factor for human toxicity is expressed in
kilograms of 1,4-dichlorobenzene-equivalents (1,4DCB-eq). Separate human-
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toxicological effect factors were derived for carcinogenic and non-carcinogenic
effects, reflecting lifetime disease incidence variations due to substance intake.

e Particulate matter formation

In assessing the midpoint characterization factors for the formation of fine
particulate matter, the focus was on the human population's intake of PMo:s.
These factors, termed particulate matter formation potentials (PMFP), are
quantified in kilograms of primary PM:s-equivalents. Predictions of the
alteration in ambient PM2s concentration subsequent to the release of
precursors (NHs, NOx, SOz, and primary PM:s5) were made using emission-
concentration sensitivity matrices.

e Ionizing radiation

The point at which the characterization factor at the midpoint level was
determined is where the combined dose arising from the release of a
radionuclide is assessed. The midpoint characterization factor, known as
ionizing radiation potential (IRP), is expressed in terms of Cobalt-60 equivalents
(kBq U235 eq) concerning air.

e Acdidification

In determining the midpoint characterization factors for acidifying emissions,
the study considered the fate of pollutants in both the atmosphere and the soil.
Acidification potentials (AP) were quantified in kilograms of sulfur dioxide
(502)-equivalents. It quantifies the changes in acid deposition resulting from
alterations in air emissions of nitrogen oxides (NOx), ammonia (NHs), and
sulfur dioxide (SO>).

e Freshwater eutrophication

These factors, known as freshwater eutrophication potentials (FEP), are
quantified in kilograms of phosphorus (P) to freshwater-equivalents. Regarding
emissions to agricultural soils, it was assumed that approximately 10% of all
phosphorus is typically transported from agricultural soil to surface waters.

e Marine eutrophication

Kg 1,4-dichlorobenzene-equivalents (1,4DCB-eq) is the characterisation factor.
Regard the emissions to marine zones.

e Freshwater ecotoxicity
Kg 1,4-dichlorobenzene-equivalents (1,4DCB-eq) is the characterisation factor.
e Land use

The midpoint characterization factors, expressed in square meters per year of
annual crop equivalents (m2?yr annual crop equivalents), denote the
proportional impact on species loss associated with particular land use types.
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These land use types include annual crops, permanent crops, mosaic
agriculture, forestry, urban land, and pasture.

Water resource depletion

The midpoint characterization factor represents the ratio of water consumed to
water extracted, measured in cubic meters (m® per cubic meter of water
extracted.
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4  Circular economy

The concept of the circular economy (CE) was initially introduced by Pearce and
Turner in 1990 [122]. It envisions an economy where waste is transformed into
resources through either technological or natural feedback mechanisms, ensuring that
the stock of resources remains constant or increases over time. More recent definitions
emphasize achieving this by maximizing the utility and value of products,
components, and materials, reducing waste and pollution, and regenerating natural
systems. CE strategies aim to move away from the linear "take-make-dispose" model
and focus on preserving natural, manufactured, human, and social assets. While
economic prosperity is often highlighted as the primary objective of CE, its positive
impact on environmental quality is also significant [123].

LCA's methodological advancements enable the analysis of product systems and their
interactions through an interdisciplinary approach [124]. For instance, guidelines such
as the Guidelines on Social LCA (S-LCA) and the concept of Life Cycle Sustainability
Assessment (LCSA) broaden the scope of assessment to include social and economic
impacts. LCSA evaluates all negative and positive environmental, social, and
economic impacts throughout a product's life cycle. LCA and LCSA are highly
valuable tools for assessing CE strategies. They help in evaluating and comparing
different CE options and their environmental performance, supporting the transition
toward more sustainable consumption and production patterns. Additionally, the shift
to a circular economy can affect international trade and lead to structural changes in
the economy, impacting primary and secondary resource trade flows. [125]

In summary, LCA and LCSA offer systematic approaches to integrate the impacts of
primary resources and value chain components into CE analyses. They allow us to
assess whether the environmental benefits of CE strategies can be realized and identify
critical processes and aspects that require effective management.

The provided text discusses various strategies for achieving Circular Economy (CE)
goals, which aim to reduce waste, promote sustainability, and optimize resource
utilization. These strategies include reducing waste, using renewable energies, reuse,
remanufacturing, recycling, product waste energy recovery, disposal, and
transforming waste into energy. Each strategy is briefly described, and some sub-
strategies related to these approaches are highlighted.

Design for reducing wastes is a crucial aspect of sustainable product development,
focusing on minimizing waste throughout a product's life cycle. Several methods
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contribute to this strategy, including structural optimization, fluid dynamic
optimization, and dematerialization. Structural optimization involves reducing mass
through rearrangement, fluid dynamic optimization aims to decrease fluid usage, and
dematerialization eliminates unnecessary components.

Design for using renewable energies emphasizes incorporating renewable energy
sources to enhance product functionality. This involves identifying suitable sources
compatible with operational requirements, such as solar energy, and considering
factors like hourly sunlight availability.

Design for reuse is rooted in Circular Economy principles, encouraging prolonged
product use. Structural improvement, adaptability, and on-site reuse are key
considerations, promoting durability and flexibility in product design.

Design for remanufacturing involves refurbishing products after initial use,
promoting sustainability through resource efficiency and technology selection. This
strategy aligns with Circular Economy goals by extending the life of products.

Design for recycling identifies and incorporates recyclable materials into products,
focusing on facilitating recycling and disassembly operations. Two modalities include
ecosystem restoration, contributing to environmental regeneration, and technical
recycling, reproducing constituent materials for reuse.

Design for energy recovery aims to reduce wasted energy by introducing dedicated
devices for recovery within or outside the product. Examples include heat exchangers
and Kinetic Energy Recovery Systems, contributing to more efficient energy use.

Design for disposal using biodegradable materials focuses on reducing
environmental impacts associated with disposal. This involves strategies like reducing
material quantity and incorporating biodegradable materials, such as bio-based
polymers, to facilitate environmentally friendly disposal.

Design for recovering energy from waste maximizes energy recovery during product
decomposition, minimizing pollutant emissions. This strategy involves analyzing
product characteristics to select appropriate disposal technologies and modifying
product structures to enhance disassembly for improved energy recovery.

In summary, these design strategies align with Circular Economy principles,
emphasizing reuse, recycling, energy recovery, and responsible disposal.
Implementing these strategies supports sustainable practices, contributing to
resource conservation and reduced environmental impact throughout the entire
product life cycle. Businesses and industries adopting these approaches can play a
vital role in promoting environmental sustainability. [126]
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5 Leather

5.1. History

The origin of leather, a remarkable and innovative material, is attributed to the ancient
practices of early humans striving for survival. In Paleolithic period primates relied on
hunting for sustenance. Neolithic era marked a shift from hunting to animal
husbandry for food production. During this time, leather made its first appearance
with the production of clothing, footwear, and rudimentary shelters from animal skins
and hides, ensuring no part of the animal went to waste.

The ancient human noticed that raw animal hides putrefied when exposed to moisture
but became stiff and coarse when dried. This posed difficulties in utilizing them for
creating comfortable clothing. To overcome this, they tested different methods as
soften the fur and make the skins more pliable. To prolong the durability of hides, they
applied greasy substances. Technique such as brain tanning and smoking the treated
hides over wood fires were developed to improve and preserve hides flexibility.

Tanning concept, that is essential in the leather production, has developed over time.
Bark and leaf infusions from plants like mimosa and chestnut were the first treatments
adopted. Alum-based tanning, known as “aluta”, and the use of chromium salts came
into practice at later stages. [127]

This knowledge was closely guarded and passed down through generations.
Leatherworking skills have made great strides forward in civilizations as Egypt,
China, Babylon, and India. In Europe, leather crafting expanded during Greek and
Roman periods, with techniques involving gall nuts, bark, and sumac. After the
decline of the Roman Empire, the art of tanning diminished in Europe. Moors, in
Spain, reintroduced it, leading to the resurgence of artistic leatherwork, in particular
Cordovan leather [127]. Scenes of people dressing tiger skins have been found by
archaeologists in a 4000-years-old stone carving in Berlin [128].

5.2. Economy

Leather is a highly refined manifestation of animal hides and skins. It represents an
important example of circularity since it derives from waste from food chain. Despite
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the prevalence of modern materials, such as plastic, metals, and synthetics, leather
continues to make room thanks to its great quality and aesthetic appeal. Leather and
leather-based products are among the most traded commodities worldwide. The
international trade reached annual values exceeding 80 billion USD [127]. In 2019,
global import and export statistics for raw hides, skins, and leather were respectively
valued at 20,351,371 and 19,535,920 thousand USD [129]. In 2022, the worldwide
market for leather products was assessed at USD 440.64 billion in term of size, with
Europe occupying USD 166.22 billion. Projections suggest that leather market will
expand from $468.49 billion in 2023 to reach $738.61 billion in 2030, as shown in Figure
16. [130]

Europe Leather Goods Market Size, 2019-2030 (USD Billion)
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Figure 16: Growth of the European leather market expected in the coming years.

The worldwide production capability is roughly 15 Mt of leather annually [131].
During the processing of leather, numerous wastes are produced. It is estimated that
for each Mt of processed leather, the wastes are: 4.3-6.5 kg of split and offcuts; 100 kg
of shavings; 2-6 kg of leather dust; 50 kg of fleshing waste; 3.5 kg of hair and birse
[132].

5.3. Composition

Leather is a natural material derived from animal skins. Even after the tanning process,
the leather retains its distinctive multi-layered structure. Usually the leather
production uses cattle hides, pigskins, goatskins, and sheepskins as raw material, but,
rarely, fish and reptile skins are used too.

Three different layers compose the skin, Figure 17 [133]:
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Epidermis: it represents the outermost thin layer composed mainly by keratin.
The primary function is the protection. Its thickness depends on the animal hair
coat development, with a range between 1%, in densely-haired animals, and
5%, in sparsely-haired animals. Typically, the epidermis layer is removed for
the leather production.

The whole corium: it represents the bulk of the skin and strongly influences the
final characteristic of the processed leather. It can be further divided into two
structures: grain layer and corium major layer. The first is a thin layer composed
by non-collagenous substances, like fat cells, sebaceous glands, sweat glands,
elastin fibers, muscle tissue, and hair follicles, that are partially or completely
removed during the production. Corium layer is also composed by collagen
fibers, and differs from the grain one in thickness and collagen fiber
interweaving, with the latter thinner and denser [134]. The proportion of the
grain layer can differ significantly, mainly depending on age and species. This
natural variation in the grain layer proportion contributes to the uniqueness of
the qualities and characteristics of different types of animal skins [135]. The final
result of the leather is a material mainly composed of tightly interwoven
collagen I fibers and fiber bundles in a network.
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Figure 17: Cross section of the cattle hide.
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Fibers and fiber bundles are the mainly constituents of core structural units of leather,
forming a 3D network. Fibers are divided in different structures.

The primary component of the leather is collagen, a fibrous biopolymer made up of
amino acid residues with distinct structures (R in the chemical formula), leading to
different collagen types. In vertebrates, collagen types known are at least 19 [136]. Type
I is the most present in leather. Also type Il and V are contained in the material, but
in small amounts [137].

—{—NH-CH-CO—] — Y l ‘ 5
I < H,N
R | N— /\ofH

OH
(a) Amino acid. (b) Hydroxyproline. (c) Proline. (d) Glycine (Gly).

Figure 18: Chemical formula of different collagen components.

Type I collagen molecules follow a repeating Gly-X-Y pattern, where Gly is glycine,
the simplest stable amino acid, X and Y represent different amino acids arranged in a
variable but not entirely random manner. X and Y positions are abundant in proline
and hydroxyproline, making up approximately 12.2% and 9.4%, respectively, in type
I collagen from cattle hide [137]. Chemical formulas of these elements are represented
in Figure 18. The presence of five-membered rings in three amino acids plays a crucial
role in the 3D conformation of collagen chains, which give the typical helical structure
instead of the linear one.

Three collagen molecules intertwine to form a tropocollagen molecule, a right-handed
triple helix, that pack together to other tropocollagen molecules in a “quarter stagger”
arrangement, resulting in a periodicity of the order of dozens of nanometers [138].
These tropocollagen assemblies collectively form fibrils, containing approximately
7000 collagen molecules. Further examination reveals fibrils within fibers, which, in
turn, constitute fiber bundles. The latter can reach sizes of up to 0.1 mm in diameter
and indefinite length. A summary of the composition of leather is done in Figure 19.
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Figure 19: Summary of leather composition.

Summarizing, leather, crafted from animal skins, maintains its natural multi-layered
structure, even through intensive tanning processes. Collagen, the core component,
forms intricate molecular arrangements, including tropocollagen molecules, fibrils,
and fiber bundles, contributing to the unique properties that make the leather wanted
in different fields. [133]

5.4. Production

Leather production process provides four different steps, each serving a different
purpose [127]:

1. Pretanning or beamhouse process:

In the initial stage of leather production, raw hides or skins are prepared to
prevent bacterial damage and putrefaction. Controlling parameters like
temperature, pH, humidity, and contaminants is crucial. The curing process is
used to delay degradation until leather production begins.
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2. Tanning:

Prepared hides or skins undergo tanning, which consists of chemical treatment
to transform them into durable leather. Tanning agents are used to stabilize
collagen fibers and improve its strength and resistance to decay.

3. Dyeing, retanning, fat liquoring:

Leather is subjected to processes such as dyeing, retanning, and fat liquoring.
In this step color is imparted to the leather, properties are enhanced, and
softness and flexibility are provided to the material.

4. Leather finishing:

This is the last step. It involves different finishing treatments to give the desired
appearance and characteristics to the leather. Polishing, embossing, and
applying protective coatings to improve durability and aesthetics are included
in the process.

The first stage of beamhouse process is soaking, in which the animal skins go through
a thorough soak with water and additives. The goal of this step is the elimination of
any excess salt, dirt, dung, and blood, while also restoring the skins’ suitable water
content. In some countries, the solid portion of the salt is removed by mechanical or
manual process, before adding water. This is useful to reduce chloride concentrations
in the wastewater. [127]

Liming represents the second step. The soaked skins are immersed in a solution
containing sulphide and alkali to break down the hair structure at its weakest point,
the hair root, by reducing cystine sulphur-sulphur linkages, an important component
of keratin. This facilitates the removal of hair and also eliminates unwanted substances
such as non-structured proteins, fats, and hyaluronic acid. Collagen undergoes
chemical modifications and swells, resulting in a more open structure, and altering the
properties of the skin protein.

Fleshing step aims to eliminate any remaining flesh and subcutaneous tissue through
a mechanical process.

Deliming-bathing step is the following one, in which a controlled enzymatic digestion
further opens up the skin structure, ensuring the removal of any residual epidermis or
unwanted materials. [139]

Picking stage is the next one. It is necessary to prepare the skins for the subsequent
tanning process. It involves a chemical treatment based on acids, usually formic and
sulphuric acid. Sodium chloride is added to the solution to prevent the pelt from
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dangerous acid swelling due to the strong pH reduction below the isoelectric point.
[140]

In the tanning process, the skin is chemically stabilized and transformed into a material
that resists to putrefaction. Different chemistries can be employed for this
transformation, but the most used tanning agent in the leather industry is the
chromium (III) basic sulphate. Despite the numerous scientific research, the exact
chemistry of tanning reactions still remains somewhat unclear [139]. For many years,
the dominant theory in tanning elucidates the reinforcement of collagen by creating
crosslinks within its triple helix structure [141]. However, it seems that altering the
outer layer of water molecules surrounding the molecules in question also plays a
significant role in this transformation [142]. All types of tanning processes lead to an
improvement in the collagen’s resistance to external factors as temperature and
moisture, with the degree of improvement mainly determined by the specific tanning
agent used. [139]

After the tanning step, hides are treated with alkali and undergo dyeing. In this
process retanning and the application of fatty substances are involved to prevent the
fibers from sticking together, resulting in softer leather.

The excess of water is removed by drying, and the appearance of the leather is
enhanced through surface finishing, in which a variety of acrylic, polyurethane, and
other synthetic polymers, combined with natural substances (oil, waxes, caseins,
albumins, cellulose esters, and more) are used to form films. The utilization of these
materials and methods in tandem ensures the creation of lively and enduring finishes.
[139]

5.5. Properties

Growing environmental concerns have sparked increased interest in natural materials.
Extensive research has explored substances like spider silk, plant fibers, and leather
due to their broad applications. Leather’s unique microstructure complicates its
behavior, primarily responding to tension while resisting compression poorly.
Numerous natural factors (animal race, age, sex, tanning type, etc.), environmental
conditions (temperature, relative humidity) [143], and production processes (liming,
tanning, fatliquoring, etc.) influence its behavior, offering opportunities for tailored
applications. Leather research has evolved, focusing on chemical treatments and
laminates, with limited exploration of microstructure-mechanical property links [144]-
[146]. This presents untapped challenges in mechanics.
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Few scientific papers can be found in the literature that deal specifically with the
mechanical properties of leather. Zheng Li et al. [147] analyses the properties of two
natural cow leather with vegetable tanning and dried in air, one cut in longitudinal
direction (parallel to the backbone of the animal) and one in transverse direction
(perpendicular to the backbone). Tensile test at different sample orientation, tensile
test at different relative humidity levels, and creep test at different sample orientation
were performed. In the first one, the results of the two different types of leather are
similar, has shown in Figure 20. Longitudinal sample shows a Young’s modulus of 94
MPa and the transversal one 100 MPa.
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Figure 20: Tensile test on transversal and longitudinal samples.

In relative humidity test, two different tensile tests were conducted on transverse
samples at a constant temperature of 21°C, with humidity conditions set at 20% and
60% respectively. Figure 21 shows that in high humidity test no beak appeared and
the behaviour is not clearly linear. A higher relative humidity level increased the strain
at break and decreases the young’s modulus, acting as a plasticizer. The dry sample
failed due to formation of cracks, which has not been observed in the 60% humidity
sample. Therefore, also the stress at break is higher in the latter condition.
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Figure 21: Relative humidity test on transversal sample at 20% and 60% of humidity.

For the creep test, the longitudinal and transversal samples are investigated at room
temperature and 50% of relative humidity. Fibers have viscoelastic behaviour until
elongation reaches a maximum. In Figure 22 can be seen that both samples show creep.
The transversal one has a faster creep; the longitudinal one, consistent with what was
observed in simple tensile tests, breaks at higher deformation.
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Figure 22: Creep test on transversal and longitudinal samples.

Leather’s microstructure comprises randomly woven, tanned collagen fibers with a
compact grain on the surface and a corium of tanned collagen fibers. It's heterogeneous
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and anisotropic. Leather becomes weaker in low moisture conditions and displays a
nonlinear stress-strain relationship at approximately 60% relative humidity.
Furthermore, creep tests indicate viscoelastic flow in leather.

C. Liu et al. [148] have reported differences in mechanical properties between chrome-
tanned leather and chrome free leather. The commercial samples were placed at room
temperature with 65% relative humidity for a week before tests. Cyclic tensile test on
Cr-tanned and Cr-free samples, stress relaxation test on Cr-tanned and Cr-free
samples, and stress relaxation test at different fatliquoring conditions were performed.
Figure 23 illustrates the stress-strain curves for both chrome-tanned and chrome-free
leather over five cycles, starting from 0% of strain, until 20% strain, and then back to
0%. Chrome-tanned leather shows a better resilience (63%) than the chrome-free
leather (48%). To calculate the result, first, find the average of the "zero strain" values;
then, subtract the percentage of strain from this average value. Finally, divide the
result by the percentage of strain. Also the peak stress is different.
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Figure 23: Tensile test on (a) chrome-tanned leather and (b) chrome-free leather.

In stress relaxation experiments, samples have been axially elongated by 20% and the
stress has been measured during time. Curves’ behaviour is very similar to each other;
the only difference is the value of the curves. Chrome-free leather starts at 4.5 MPa and
chrome-tanned leather at 2.7 MPa, meaning that the first one is stiffer. Figure 24
illustrates the test.
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Figure 24: Stress relaxation test on chrome and chrome-free leather.

Fatliquoring is a process that reduces the initial strain energy or Young’s modulus in
the leather by lubricating its fibers. This effect is evident in the leather’s lower Young's
modulus and reduced initial strain energy [149]. Fatliquoring enhances leather’s
pliability and softness, in particular after the drying process. Figure 25 shows the effect
of different contents of fatliquor on the stress relaxation tests, with same input and
output of the previous test. Increasing the fatliquor content, the stress decreases.
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Figure 25: Stress relaxation of different % of fatliquor content.
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In conclusion, chrome-free leather exhibits lower structural stability compared to
chrome-tanned leather, with more easily converted potential energy into heat during
deformation. Stress relaxations tests reveal that chrome-free leather is relatively stiffer.
Fatliquor content significantly influences leather’s viscoelastic properties, with higher
fatliquor levels enhancing lubrication.

5.6. Alternatives

Nowadays, the best alternative to leather is polyurethane (PU). It's used to produce
synthetic leather, coating a base fabric. Typically, this involves crafting a textile from
synthetic fibers. [150]

PU is a polymer compound consisting of both hard and soft segments with a urethane
bond (-NHCOO), Figure 26, in its molecular structure [151]. Soft segments, with lower
Ts, act as reversible elastomeric phases, while hard segments, with higher Ts, behave
as a rigid unit with shape memory [152]. By carefully designing these segments, it’s
possible to create polyurethanes with tailored mechanical properties, including
flexibility, strength, and transition temperature, making them versatile materials for
various applications [153]. Its properties depend on the monomer type and processing
method, influencing perceived properties like tactile feel and appearance, as well as
functional characteristics as moisture permeability and water resistance [150].

;
O

Figure 26: Urethane bond.

PUs are synthesized using a two-step prepolymer method, with adjustments made to
the hard-segment/soft-segment ratio. The chemical reaction occurs between polyols,
that represent the soft-segments, diisocyanates, that represents the hard-segments, and
chain extenders. Figure 27 shows the reaction with PTMG (poly(oxytetramethylene)
glycol) as soft-segment, MDI (4,4"-methylenediphenyl diisocyanate) or TDI (toluene
2,4-diisocyanate) as hard-segment, and BD (1,4-butanediol) as chain extender. [153]
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Figure 27: Two-step synthesis scheme for PUs.

Basing on diisocyanates type [154] and stoichiometric ~amounts of
polyol/diisocyanate/chain extender [153], different materials’ properties are obtained,
including T, stress and strain at break, Young’s modulus, toughness, etc.

D.K. Lee et al. [154] analyses the mechanical and thermal behaviour of PU based on
different diisocyanates. MDI and T80 represent the most used synthetic leathers, which
T80 is toluene diisocyanate containing 80% 2,4-isomer and 20% 2,6-isomer. As regard
the Tg, it can change between -72°C (in case of isophorone diisocyanate (IPDI),
hydrogenated 4,4’-diphenylmethane diisocyanate (HMDI), and 1,6-hexane
diisocyanate (HDI)) to -69°C (in case of MDI) for PU without chain extender. Under
mechanical aspect, important variation can be observed: 17.5+49.3 MPa for Young's
Modulus (T80 and MDI respectively); 9.5+42.9 MPa for tensile strength (IPDI and
MDI); 200+1480 % for elongation at break (HDI and TDI). The previous datas are
referred to PU with high-segments content of 40% w/w. Instead, M. Sdenz-Pérez et al.
[153] investigated the different behaviour of MDI and TDI by varying the hard-
segments and chain extenders contents.
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It can be seen that, due to the remarkable versatility of processing and, consequently,
of mechanical and thermal properties, PUs are suitable for various fields of
application. Moreover, it is possible to use completely different materials for the same
field, as in the case of synthetic leather.

5.7. Environmental impact

Leather has held a pivotal role in humanity's early history. However, over the past
century, mounting environmental issues have come to the forefront, initially centred
around water pollution in the twentieth century and later evolving into a broader
global perspective in recent decades. Stringent environmental regulations in Europe,
coupled with rising labour costs, prompted a shift in leather production from
industrialized nations to developing ones, such as Latin America, India, and China.
This rapid expansion in these regions gave rise to various environmental challenges,
primarily impacting agriculture and access to clean water. Consequently, questions
arose regarding the sustainability of the leather industry. [155]

To address these concerns, the global leather industry has undertaken widespread
innovation and initiatives to tackle the environmental issues stemming from its
production processes. This includes efforts to reduce water consumption, improve
wastewater treatment, enhance solid-waste recovery, and minimize the use of certain
chemicals like chromium and sodium sulphide. [131]

Nevertheless, contemporary society and markets now demand a more comprehensive
approach that encompasses the entire leather value chain. Traceability has become a
paramount concern, ensuring the absence of child labour and sourcing hides from
animal-friendly farms, among other considerations. Additionally, there is a growing
emphasis on embracing a circular economy, where resources are used in a sustainable

manner, promoting long-term environmental viability.

In defining the goal and scope of an LCA study, it is essential to clarify the study's
purpose. This involves illustrating the study's boundaries and extent. As depicted in
Figure 28, when conducting an LCA for leather production 'from cradle to gate’, it is
imperative to encompass all upstream activities, including farming and animal
slaughtering. This should be coupled with the core processes occurring at the tannery
itself, as well as the transportation activities required to move materials between these
stages. Furthermore, the assessment should encompass the environmental impacts
stemming from chemical production, energy consumption, and water usage within
our system. Additionally, it should account for the consequences associated with
waste generation and wastewater treatment processes. [156]
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Figure 28: LCA study for leather production 'from cradle to gate'.

The leather industry is notorious for its significant environmental impact and
resource-intensive practices. To produce just 0.25 Mg of leather, it consumes a
staggering 1 Mg of raw materials and requires between 15,000 to 120,000 m® of water.
This process results in the generation of 15-50 Mg of wastewater and 400-700 kg of
solid waste [131], accompanied by emissions of odours, greenhouse gases such as CO,
H->S, NHs, and volatile organic compounds like amines, aldehydes, and hydrocarbons.
The quantity of chemicals released depends on the treatment methods and technology
employed in tanneries [157]. The global leather industry has an estimated annual
production capacity of approximately 15 million tons, highlighting the magnitude of
the issue [131].

The tanning industry generates a diverse array of waste materials that differ in
physical state and composition. These variations correspond to different risks
associated with their management and necessitate distinct processing and utilization
methods. Solid waste arising from both tanned and untanned hides and skins can be
further categorized into numerous subgroups. In contrast, liquid waste, often in the
form of wastewater, is produced in significantly larger quantities. Figure 29 illustrates
the various types of waste produced by the tanning process and provides examples of
how these wastes can be repurposed.
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Figure 29: Tanning process wastes and their valorization.

For detailed insights into the characteristics of specific tannery wastes, along with a
breakdown of valuable and potentially hazardous components, please refer to Table
1. [132]
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Table 1: Tannery wastes.

Waste Definition Production
Wastewater Liquid wastes from leather 10-12 m3 per 1 Mg of
and effluents pretreatment and treatment processed skin
Tannery Solid waste form wastewater and ~ 8.4-12.1 kg per 1 m® of
sludge effluents treatment treated wastewater

Split and Unusable solid waste from leather =~ 4.3-6.5 kg per 1 Mg of

offcuts processing (shaping, cutting) processed leather

) Solid waste from the trimming and 100 kg per 1 Mg of
Shavings _
leather shaping process processed leather

Micro-fined powder of collagenous

fibrils being dangerous solid waste 2-6 kg per 1 Mg of

Leather dust ) .
generated via leather buffing processed leather
(carcinogenic properties)
Skin-residue waste from hides’
Fleshing tanning process, originated by the 50 kg per 1 Mg of
waste removal of the tissue adhered to the processed skin

animal hide

Hair and Solid waste generated at hair pulping 3.5 kg per 1 Mg of

birse process processed skin

Historically, tanneries have primarily relied on landfilling and partial disposal for
waste management, mainly due to economic considerations. However, there is
growing recognition that tannery waste represents a valuable and renewable resource
that could contribute significantly to sustainable development. Implementing a
Circular Economy strategy and harnessing the potential of leather waste can result in
cost savings for waste management and emission control. This waste contains
significant amounts of protein, fat, and water [157], making it a resource for hydrolysis
to obtain collagen or gelatine for the pharmaceutical and cosmetic industries [158], as
well as for extracting fats, producing biofuels [159], and creating various valuable
products like activated carbon [160], sound-absorbing biopolymers [161], surfactants
[162], and organic fertilizers [163]. Chromium, commonly used in leather tanning,
poses a severe contamination risk, especially due to its mutagenic and carcinogenic
potential. Treatment methods involving organic chelates or mineral acids can be used
to recover chromium, and tannery waste can be thermally treated to recover chromium
as Cr20s for use in steel production [164].
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6 Aim of this work

Leather industry originates huge amounts of wastes and has a heavy environmental
impact.

The aim of this work is to apply principles of circular economy to leather industry. To
do so, leather industrial waste will be recovered and used as a filler in polymer-leather
composite materials that can, in principle, be reintroduced into fashion market.

Figure 30 shows the path that has been foreseen for leather scraps.
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Figure 30: Graphical scheme of linear industrial leather production (blue) and circular 3D
Printing with leather waste production (green).

Additive manufacturing, and in particular Direct Ink Writing, has been selected as
promising technology for this scope. Indeed, such technology allows to process a wide
variety of materials in liquid form with minimum material waste and energy
consumption.

Using this approach, crosslinkable materials can be formulated: they can be 3D-Printed
in a liquid form and then crosslinked to obtain the final properties.

Prior to actual experimentation, comparative LCA analysis will be performed in order
to assess the actual environmental benefits of producing leather-like materials using
leather scraps.
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Two different resins (one rigid and one flexible) will be then investigated as matrices
for the aforementioned composites. In both cases, different leather contents will be
used.

After the formulation of the composite materials, characterization will be carried out.

Suitability of Direct Ink Writing can be assessed through rheological tests and
printability analysis.

The actual correctness of processing and correct crosslinking will be evaluated through
DSC, UV-DSC and by measuring the gel content.

Finally, tensile tests will allow to assess mechanical properties of the material and their
suitability for the scope. Both cast and 3D-Printed specimen will be analyzed.
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7/ Materials and Methods

In this section, an inventory of the various materials employed in the thesis project is
presented, offering concise descriptions of their distinctive attributes. Subsequently,
we delve into comprehensive explanations of the formulation methods and
characterization techniques that have been applied.

An in-depth study of the different composite materials was carried out. Two different
polymer resins were studied as matrices for the leather filler: one rigid (ethoxylate
bisphenol A diacrylate hereinafter SR349) and one flexible (poly(vinyl alcohol) or
PVA). Subsequently, analyses of materials properties were carried out. The test
specimens analysed for tensile tests, in order to assess the mechanical properties of the
formulations, were both cast and printed using the DIW technique.

7.1. LCA

A comparative LCA has been carried out, comparing virgin leather with a hypothetical
resin-leather composite material. As regards the matrix, a general acrylic resin has
been considered as representative material. Quantitative data has been taken from
literature review [174]-[176].

Raw materials needed for this comparison are vergin leather and acrylic resin.

The functional units taken into account for the two are, respectively, are 0.54 m? of 1.6
mm thick leather (usually corresponding to about 660g) and 255g of conventional
photocurable acrylic resin. The life cycle impact assessment method chosen is ReCiPe
Midpoint (H). Data regarding the resin available in literature is expressed using the
International Reference Life Cycle Data System (ILCD) Midpoint+ method. Therefore,
it has been converted to ReCiPe Midpoint (H) using inventory tables [176].

The impact parameters selected are Climate change (kg CO: eq), and Acidification (kg
SO: eq). In each category, production, distribution, and disposal step are taken into
account.

Figure 30 shows a comparison between typical leather industry (blue linear cycle) and
the 3D printing with leather waste (green circular cycle). Leather represents a food
industry waste, so it is itself a produced recovering an industrial waste. For leather
impact assessment, tanning process, leather product manufacture, and end of life were
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taken into account with respective output processes (leather and solid wastes, sewage,
harmful substances, emissions).
Figure 30: Graphical scheme of linear industrial leather production (blue) and
circular 3D Printing with leather waste production (green).
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3D printing project offers an alternative to leather wastes and end of life of leather
products, thanks to thanks to minimal waste production and low energy consumption
(mainly due to UV curing). The goal is, through circular economy, reintroducing the
material into the fashion industry. By doing so, the production of leather is reduced
and thus the recycling of raw animal skin. Consequently, the impact of raw animal
leather, which is not recycled, is considered as an additional impact. Furthermore,
emissions related to composite processing were assumed to be zero. In this case, the
environmental impact of the leather wastes, used as a raw material, is assumed as null,
coming as a byproduct of another industry [174]. Energy, emissions, and solid wastes
were considered as output processes.

Environmental impacts (EI), for both parameters, of composite material were
calculated for each composition using the following formula:

El = EIRecycled leather from waste " ve

+ EIRecycled leather from hides * X 4
+ EIAcrylic resin (]'X)

where EI are respectively the environmental impact of 1 kg of acrylic resin and
recycled leather; x represents the percentages of leather.
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7.2. Materials

Milled leather scraps were supplied from Stazione Sperimentale Italiana Pelli (SSIP),
Italy. The material is shaved gluteraldehyde-tanned leather, which was sieved ina 0.5
mm sieve before use. The ethoxylate bisphenol A diacrylate resin, hereinafter named
SR349, was purchased from Arkema (local distributor: Came S.r.1,, Italy). Ethyl phenyl
(2, 4, 6-trimethyl benzoyl) phosphinate, named TPO-L, was purchased from Lambson
Limited, UK. AEROSIL® R 106 (hydrophobic fumed silica) was purchased from
EVONIK, Germany. Hydrophilic fumed silica (S5505); dicumyl peroxide;
triethoxy(octyl)silane; poly(vinyl alcohol), or PVA (Mw = 31.000+-50.000; 99%
hydrolised); dimethyl sulfoxide (DMSO); glycidyl methacrylate (GMA); and glycerol
were purchased from Sigma-Aldrich (local distributor: Merk Life Science S.r.L, Italy).
N,N,N’,N’-Tetramethylethylenediamine (TEMED) was purchased from Fluka
Honeywell, US. 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone, named
Irgacure 2959, was purchased from BASF, Germany.

7.3. Material Formulation

7.3.1. SR349

This resin was chosen because the literature [91]-[93] indicates good mouldability and
cross-linking. It belongs to the family of acrylic resins, which polymerise by free radical
polyaddition. Free radical polyadditions are a class of chemical reactions in which
molecules containing free radicals combine to form larger molecules. These reactions
involve the formation of covalent bonds between the radicals, increasing the molecular
weight of the compound. In polymer synthesis, free radicals propagate through the
polymer chain, creating long, branched chains. Radical polyadditions are often
initiated by trigger molecules, called initiators, which generate the first free radical
upon application of external stimuli such as UV light or temperature. These radicals
react with monomers, triggering the growth of polymer chains.

In case of acrylic resins, the free radicals propagate thanks to acrylic groups. A radical
is formed through the breakage of CH.=CH: double bond present in the acrylic group.
Such radical is responsible for the propagation of the reaction and therefore for the
formation of a polymer chain.

Having two acrylic groups, SR349 can form a continuous polymeric network and lead
to the formation of a macroscopic crosslinked structure.

The photoinitiator TPO-L and its concentration was selected on the basis of UV light
system used for UV-assisted three-dimensional printing, to obtain the best printability
results and minimize the presence of unreacted groups in the resin, forming radicals
at 395 nm. [92], [93]
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Dicumyl peroxide, on the contrary, forms radicals when thermally activated,
allowing thermal crosslinking of the resin.

Figure 31 shows the chemical scheme for the crosslinking reaction of the resin.
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Figure 31: Chemical scheme for SR349 crosslinking.

Composed by resin, silica and TPO-L have been investigated. Silica has been added as
a rheological modifier in order to make the formulation suitable for DIW.

SR349 with different percentages of silica (5, 10, 15, 20 % w/w with respect to the resin)
were investigated. In the first case, the necessary amount of silica was first dispersed
in acetone, using an ultrasonic processor at 20kHz and 52W, at room temperature for
45 minutes. Later, the dispersion was added to SR349 and 3% w/w with respect to the
resin of TPO-L. Then the mixture was mechanically stirred at 100°C until complete
evaporation of the acetone.

The formulation of leather-SR349 formulations has been carried out by dispersion of
leather in acetone and subsequent addition to resin with stirring and evaporation of
acetone at 100°C. Subsequently, 3% w/w of TPO-L and 0.3% w/w of dicumyl peroxide
have been added and stirred until complete dissolution.

The thermal initiator has been added foreseeing leather ability to shield UV light. In
this case, the complete crosslinking can be achieved by first UV irradiation and
subsequent thermal treatment.

Leather is a polar filler, while SR349 is an apolar resin. Therefore, compatibility
problem between the two were expected. For this reason, a second set of formulations
have been prepared by pre-functionalizing the filler before addition to the mixture.

Functionalization has been carried out by dispersing leather particles into ethanol (1:50
w/v ratio) and then adding 6 % w/w with respect to leather of triethoxy(octyl)silane.
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Functionalization occurred by mechanical stirring of the mixture for 26h at 50°C. [165],
[166]

The expected reaction in an esterification reaction occurring between -OH groups
present on leather (containing collagen) and oxygen atoms present on
triethoxy(octyl)silane. This leads to the formation of an apolar layer (given by the
presence of alkyl chains in the silane) on the surface of the filler.

Afterwards, three ethanol washings have been performed in order to remove reaction
residues. Subsequently, functionalized leather has been added to resin and initiators
in an analogous way as the non-functionalized formulations.

Sample were called as SRXY, where SR is referred to SR349, X is referred to filler type
(S for silica and C for leather), Y is referred to weight percentage of filler with respect
to the resin.

In Table 2 are reported all formulation with every percentage with respect to the total
mass of the samples.

Table 2: SR349 formulations with respective weight percentages.

Sample SR349% Silica% Leather% TPOL% Dicumyl peroxide %
SRS5 92.59% 4.63% - 2.78% -

SRS10 88.50% 8.85% - 2.65% -

SRS15 84.75%  12.71% - 2.54% -

SRS20 81.30%  16.26% - 2.44% -

SRC10 88.26% - 8.83% 2.65% 0.26%

SRC15 84.53% - 12.68% 2.54% 0.25%

SRC20 81.10% - 16.22% 2.43% 0.24%

7.3.2. PVA

The second matrix, used for the composite formulation is a methacrylate form of PVA.
The choice was made to have a water-soluble, UV-curable polymer, and non-soluble
during the processing.

The formulation of PVA started from the dissolving of 10 grams of PVA pellets in a
flask with 100 ml of dimethyl sulphoxide (DMSO). After that, 1.55 ml of GMA (5%
mol/mol OH) and 0.339 ml of TEMED (1% mol/mol OH) were added to the solution
with all in stirring at 60°C for 24 hours. Then the solution was poured through a
dripper in 1 1 of acetone in stirring at room temperature. Since acetone is not a solvent
of PVA, the polymer precipitated and could be isolated. The material formed was
collected in freshly acetone to remove excess of GMA and reaction residues. This
operation has been done twice. The resultant amount of modified polymer is extracted
from acetone and dried at 40°C.
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Glycidyl methacrylate (GMA) is added as a source of photocrosslinkable groups
(methacrylate) to modify PVA. A small GMA concentration (5% mol/mol OH) was
chosen to have a water soluble material after the formulation. N,N,N’,N’-
Tetramethylethylenediamine (TEMED) acts as catalyst. The esterification reaction
between PVA and GMA occurs though the hydroxyl groups reactions of both
compounds. The glycidol was obtained as by-product. Scheme reaction is illustrated
in Figure 32. [167]

(0]
DMSO
OH “y CH 0 OH-lr 0 &

2

PVA GMA 0

H,C Glycidol

PVA-g-GMA
Figure 32: Methacrylation reaction of PVA.

Also PVA was previous evaluated with silica to understand the matrix behaviour.
Different percentages of silica (0, 5, 10, 15, and 20 % w/w with respect to water) were
dispersed in distilled water, with ultrasonic processor, for 45 minutes at 78W and room
temperature. Subsequently, PVA is dissolved in the dispersion, in a ratio H2O:PVA =
3:1 w/w, together with photoinitiator Irgacure 2959 (3% w/w with respect to the water),
at 80°C in stirring.

Glycerol (20% w/w with respect to the PVA-water solution) has been added as a
plasticizer.

Considering the formulations of interest (PVA+Leather), the matrix formulation
analogous as the previous case (apart from the presence of silica), but the filler is added
at the end of the process, in percentages of 20, 25, and 30 % w/w with respect to the
matrix, together with 0.3% w/w with respect to distilled water of dicumyl at room
temperature.

Also for PVA samples, they are named as PVAXY, where X is referred to filler type (S
for silica and C for leather), Y is referred to weight percentage of filler with respect to
the resin.

In Table 3 shows all formulation with every percentage with respect to the total mass
of the samples.

Table 3: PVA formulations with respective weight percentages.

Irgacure  Dicumyl
2959 %  peroxide %
PVAS10 57.94% 19.12%  5.79% - 1.74% - 15.41%
PVAS15 56.31% 18.58%  8.45% - 1.69% - 14.98%

Sample H:0% PVA% Silica% Leather% Glycerol%
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PVAS20 54.76% 18.07% 10.95% - 1.64% - 14.57%
PVAC20 52.77% 17.41% - 14.04% 1.58% 0.16% 14.04%
PVAC25 50.98% 16.82% - 16.95% 1.53% 0.15% 13.56%
PVAC30 4931% 16.27% - 19.67% 1.48% 0.15% 13.12%

7.4. 3D-Printing

A tailor-made, home-assembled Chimera printer incorporating a pneumatic extruder
equipped with 12 25mW/cm? Led emitting at 365 nm was used for UV-assisted 3D
printing the composite formulations. Print speed ranged between 1 and 10 mm/s and
a 0.41 mm tapered metallic nozzle, for silica formulations, and 1.6 mm, for leather
formulation, were used. An image of the set-up used is shown in Fig. X. Samples were
designed using “Fusion 360" software (Autodesk, US). In order to process the 3D
model, the open-source slicing software “PrusaSlicer” (Prusa, Czech Republic) was
used.

FOTO?

The strategy adopted for leather samples is a dual curing printing process, in which,
after every printed layer, the plate moved under LED lamps for the first UV curing
step to guarantee a self-sustainable structure. When the printing was completed,
samples were subject to a second UV curing step with UVA lamp to complete the UV
curing process. For leather formulations, a thermal curing was carried out in oven to
reach the complete curing. Figure 33 shows the process.
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Figure 33: Scheme of dual curing strategy with 3D printing.

UV chamber Polymer 500 W, Helios Italquartz S.r.l, Italy, equipped with a UVA
emittance mercury vapor lamp type Zs (950 W/m?), was used for the UV post-curing
treatment.
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7.5. Material Characterization

7.5.1. Filler dimensional characterization

An optical microscope analysis was carried out to investigate the characteristic
dimensions of the leather particles. They were dispersed through stirring in ethanol
solution with 1:1000 w/v ratio (0.01g leather : 10ml ethanol); then positioned on a glass
slide until drying. 50 photos of the sieved and non-sieved leather were analysed with
50X lens, and the area and perimeter of the particles were calculated using Image]. A
parameter, shows in Eq. 5, has been defined to quantify the shape and aspect ratio of
the filler inscribing it in a circle (filler area/circle area). If the filler is spherical the
parameter tends to 1, if it is filamentous the parameter tends to 0. Furthermore, the
characteristic particle size has been defined as the diameter of the circle that can
circumscribe the particle.

p= Afiller

Acircle

7.5.2. Characterization of PVA Methacrylation

The quantification of the degree of substitution (or methacrylation, DM) of the
synthesized methacrylated PVA (PVAM) has been performed exploiting spectra
obtained from proton nuclear magnetic resonance (H-NMR, Bruker AV 400
SampleXpress machine).

Sample preparation for the H-NMR analysis followed this procedure: 5 mg of PVA
and 5 mg of PVAM were individually dissolved in 600 ul of deuterated dimethyl
sulfoxide ((CD3)2S0, 2206-27-1, Sigma-Aldrich).

These samples were then transferred to specific tubes for analysis, from which the
spectra were derived. Spectra were processed using the MestreNova software.

The degree of methacrylation is defined as the percentage of -OH groups on PVA chain
which underwent reaction with GMA, bonding one methacrylic group. This value
corresponds to the number of methacrylic groups present each 100 repetitive units on
the chain.

The H-NMR spectra of PVA dissolved in DMSO-d6 show the three separate signals at
4.6, 4.4, and 4.2 ppm which are assigned to proton in (-OH) group of PVA. [168]

Protons belonging to the methyl group in the methacrylic pendants show a peak at
1.86 ppm. In addition, two multiplet signals in the ranges 2.629-2.638 ppm and 2.759 -
2.777 ppm correspond to the two protons of the -CH2 group in the epoxy ring. [167]

The presence of such peaks would correspond to the presence of residual GMA or
reaction by-products.
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The degree of substitution can be calculated by integrating aforementioned peaks and
comparing their intensities. Existing three protons in each methyl groups, the intensity
of the corresponding peak has to be divided by 3. Eq. 6 was used.

11.86

DM[%] = 100 6

3 )
1
log + _1386

7.5.3. Rheological tests

Suitable rheological properties are fundamental for both extrusion process and the
behaviour of the printed filament deposited on the plate. A rotational rheometer,
Discovery HR-2 by TA Instruments, was used for oscillatory rheological tests. The
configuration used in this case is the plate-plate (20mm diameter plates). Three
different tests were investigated: frequency sweep test; amplitude sweep test; three
interval thixotropy test.

The first one has been chosen since at high shear deformations the samples with high
filler content escaped the plates. Therefore, for the evaluation of viscosity, a flow
rheology test was not possible. Complex viscosity is measured as the oscillation
frequency varies and thus the shear rate. The frequency interval of the test is 0.01+100
Hz and the amplitude of oscillation is 1%. Furthermore, a flow sweep test was
performed only for SR349+silica formulations. It determines the shear deformation
dependence of viscosity through a rotational test that measure the latter, applying an
increasing shear deformation. The last was increased from 0.01 to 1000 s™.

The amplitude sweep test provides a sweep of increasing shear amplitudes at a
constant frequency, implying an increasing shear rate and measuring storage and loss
moduli. It is important to determine the crosspoint between G' and G", which indicates
the onset of flow. The stress corresponding to this onset is the yield stress, while the
corresponding strain is the yield strain. The yield stress is a crucial parameter for DIW
since it ensures shape retention after extrusion. The shear deformation range is

0--100%.

The last test was performed in oscillatory mode applying three consecutive steps with
different shear deformation: (I) 1%; (II) high shear deformation (100%) above the flow
point; (III) again 1%. The test simulates printing: the first interval simulates the
material in the cartridge (stationary); the second interval simulates extrusion, then
large deformations; the third interval simulates the material on the plate (again
stationary). Conservative and dissipative modulus are measured, G’ and G”
respectively. In the first period, G>G" because the material has a solid-like behavior
(in case this does not happen, the material is not printable). In the second period, G'<G"
because we are going beyond the viscous flow onset. In this regime, the material is
liquid-like. If G' returns immediately above G" in the third period, Shape retention is
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ensured because it means that the material comes back to a solid-like state right after
extrusion. The duration of the three intervals has been set to 300s each. All tests were
carried out at 25°C. [61]

7.5.4. Printability tests

To understand the printability and shape fidelity of materials we took advantage of
three different tests [169]: (I) filament uniformity; (II) filament fusion; (III) pore
geometry/visual grid. Uniform inks will produce desired uninterrupted extrusion. On
the other hand, when inks contain particles or clusters that cause unevenness, the
irregularities in extrusion force that arise over time can diminish the reliability of the
deposited filaments.

Uniformity and shape fidelity can be investigated when a continuous filament is
extruded. So, it’s very important to have a homogeneous filament diameter during the
whole printing process, that guarantees a planar structure. The considered parameter
is di. Figure 34 illustrates the test.
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Figure 34: Graphical representation of filament uniformity test.

Single filame

Eq. 7 was used to explain the filament uniformity, where di and dav are respectively
the measured and average diameter.

§V=1 |di - davl

U=
N

In the second test, Figure 35, we evaluated the merger of adjacent filaments due to the
surface tension between the printed material and the collector substrate. Lower is the
yield stress, longer is the length of fused segments with a consequently lower
resolution in x-y plane. Filament distances fq4, that decreases during the test and it’s
proportional to the nozzle diameter; fused segment length fs; filament thickness f: are
the parameters taken into account.
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Figure 35: Graphical representation of filament fusion test.

The ratio between the fused filament length and the filament thickness is the
evaluation parameter linked to the filament distance. The ideal value of the ratio is 1
and indicates that all filaments are distinguished. The closer we get to this value and
the higher is the number of distances interested, the higher is the printability and
stability of the material post-extrusion.

The last test evaluates the geometrical accuracy of cross filaments, in Figure 36. The
printability index Pr is used, Eq. 8, based on area and perimeter of the pores with an
ideal 0-90° laydown pattern.

l2
P =—
" 164

Where [ is the perimeter and A is the area. The ideal value is 1. It indicates the perfect
geometry square pores and filament merger. When it’s higher than 1, the printed
filaments are discontinuous with a nonlinear print direction, given an irregular shape;
when it’s lower than 1, the pores’ shape is rounder. These deviations from the ideal
value could be related to the nonoptimal gelation condition or to the low viscosity of
the material and the consequently low post-extrusion stability. [169]

Pr=1 O Pr<1 éj Pr=1

Figure 36: Graphical representation of grid test.
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All measurements were taken with the help of software Image] software (National
Institutes of Health, US).

7.5.5. Gel content

ASTM standard test method D2765-16 (2016) [170] was followed to evaluate the gel
content of the samples, that is the percentage of crosslinked monomers after curing.
Test method C was followed in this case. Samples were immersed in a liquid acting as
a solvent for the monomer, acetone for SR349 and distilled water for PVA, for 24 hours
on a magnetic stirrer (with a proportion of 300mL for 2g of sample). With the help of
a paper filter (Whatman Filter Papers, Cat No 1001 125), not solubilized residual
particles were collected. All was put in a vacuum oven at 70°C until the complete
evaporation of the acetone. Measured the mass before and after the tests of the
samples, we calculated the gel content percentages followed the Eq. 9:

Wn — W
°—f>><100 9

Gel% = <1 -
Wy

Where wo is the starting mass of the samples and wr is the final mass after the drying.

7.5.6. Ultraviolet light-differential scanning calorimetry (UV-DSC)

Ultraviolet light-differential scanning calorimetry (UV-DSC) is a specialized analytical
technique that combines the principle of both UV spectroscopy and DSC. It was used
to measure the reactivity of functional groups to UV light with the same machine and
setup of DSC test, equipped with Lightningcure LC8, Hamamatsu Photonics, Japan.
The heat exchange upon UV-irradiation at constant temperature is measured. The tests
were performed exposing the samples for 15 minutes (time necessary to complete any
phenomenon taking place during the analysis) at room temperature and 210.6
mW/cm? UV intensity (405 nm). Table 4 summarises the test, with samples analysed,
goal, and parameters.

Table 4: Summary of samples analised, goal of the test, and parameters used.

DSC Goal Parameters
SRS15
SRC10
SRC10PC
PVAS10 Investigate curing% through .
Intensity = 210.6 mW/cm?
PVAS10PC the enthalpy before and after . .
) Time = 15 min
PVAS15 curing of the samples
PVAS15PC
PVAS20
PVAS20PC
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PVAC20
PVAC20PC

The Eq. 10 was used to understand the percentage of curing for SR349 samples:

Hpc
1
1+X

H 10
1
1+X
where H and Hrc represent respectively the enthalpy of sample pre and post curing, 1

in the denominator represents the resin quantity, and X represents the filler
percentage.

The Eq. 11 was used for PVA samples.

Hpc
1
1+08+X
H
1
1+08+X

11

In this case the adding term 0.8 represents the glycerol fraction.

7.5.7. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermal analysis method that imposes a
thermal history and measures the heat exchange related to changes (whether physical,
chemical, or kinetic) in materials. The material under analysis is weighted and
deposited in an aluminium pan, while an additional container remains empty, serving
as a point of reference. Both containers undergo a specific thermal profile, and by
tracking the temporal shift in the heat disparity necessary to maintain the two
containers at nearly the same temperature, it becomes feasible to generate a graph
depicting specific heat in relation to temperature.

The outcome yields a DSC graph with both exothermic and endothermic peaks as well
as points of inflection. This furnishes valuable qualitative and quantitative details,
such as the melting point, glass transition temperature, and crosslinking enthalpy.
DSC tests were performed following the ISO 11357-1:2023 [171].

In this study, differential scanning calorimeter DSC/823e (MettlerToledo, Columbus,
OH, USA), operating within a constant nitrogen flow, was used. The ramp
temperature is from 25°C to 250°C with a 10°C/min heating rate. A summary of
samples, goal, and parameters was done in Table 5.
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Table 5: Summary of samples analised, goal of the test, and parameters used.

DSC Goal Parameters
SRS15PC
SRC10
SRC10PC
SRC15
SRC15PC
SRC20
SRC20PC
PVAS10PC
PVAS15PC
PVAS20PC
PVAC20
PVAC20PC
PVAC25
PVAC25PC
PVAC30
PVAC30PC

Investigate Tg and the curing%
Trange =25-+250 °C

through the enthalpy before and after )
Rate =10 °C/min

curing of the samples

The formulas used for the calculation of percentage of curing in DSC test are the same
previously described.

7.5.8. Uniaxial tensile test

Uniaxial tensile testing is a mechanical examination in which a specimen is exposed to
deliberate unidirectional tension until it reaches a point of failure. This testing
procedure yields stress-strain plots, from which key parameters are derived, including
Young's modulus (E), ultimate tensile strength (ov), the elongation at break (ev), and
the toughness (k). To understand mechanical properties of the different samples,
Zwick Roell Z010, ZwickRoell GmbH & Co. KG, Germany, equipped with a 10 kN cell
load, diagonally milled metallic clamps of 8354 type and extensometers, has been used.
A preload of 5N was used at a speed of 0.025 mm/s for all samples. The test speed
increased from 1 mm/min, in the case of SR349, to 10 mm/min, in the case of PVA.

The Young's modulus was determined as the slope of the line interpolating the stress-
strain curve in a strain interval ranging between 0.05% and 0.25%. The elongation at
the point of rupture (expressed as a percentage) was computed by measuring the
extension (i.e., the change in gauge length) at the specimen's breaking point, dividing
it by the original gauge length, and then multiplying the result by 100. For ductile
polymers, the maximum stress (in MPa) or for brittle materials, the strength at the
point of rupture (in MPa) was determined by dividing the maximum load or break
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load by the average initial cross-sectional area of the gauge length. Thoughness is
calculated as the integral of stress-sterin curve until failure point (MPa).

In every mechanical test, in SR cases, the dumbbell-shaped sample was secured
between two clamps and subjected to controlled unidirectional stretching until
reaching failure, at which juncture the testing apparatus automatically halted.
Additionally, an extensometer was employed to accurately measure the elongation of
the gauge length of the test specimen as the specimen underwent elongation.

7.5.8.1. 3D specimens
7.5.8.1.1. SR349

The tests were carried out following the ASTM standard test method D638 [172] for
both 3D printed and cast specimens, as regard the SR. The specimen used in this case
is the type 1 with dumbbell form, represented in Figure 37. The chosen filling pattern
for all specimens is 'straight aligned' in the longitudinal direction with respect to the
applied test load.

Figure 37: SR349 dumbbell sample for 3D printing.
Specifical dimensions are described in Table 6.

Table 6: SR349 dumbbell sample main dimensions.

SRS15
SRC10
SRC15
SRC20

80 24.24 9.21 1.55

Printing details are shown in Table 7. LED curing time is referred to the curing time
for each printed layer. UV lamp curing time is referred to the curing time for each
sample side.
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Table 7: SR349 dumbbell sample main printing parameters.

SRS15 0.41 0.2 10 1 10/20
SRC10 1.6 0.8 5 60 20
SRC15 1.6 0.8 5 60 20
SRC20 1.6 0.8 5 60 20

SRCX, after the UV lamp treatment, were thermal cured in oven at 140 °C for 2h.
7.5.8.1.2. PVA

In PVA case, tests follow ASTM standard test method D3039/D3039M-17 (2017) [173]
for the specimens form (used for flexible materials). Figure 38 shows the specimens
printed for the tests. Also in this case, filling pattern is ‘straight aligned” in the
longitudinal direction with respect to the applied load. Table 8 described specimens’
details.

Figure 38: PVA rectangular sample for 3D printing.

Table 8: PVA rectangular sample main dimensions.

PVAS15
PVAC20
PVAC25
PVAC30

103.13 8.13 2.40

Printing details are shown in Table 9. PVAS15 was used to understand matrix
behaviour, so just cast samples were analysed.
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Table 9: PVA rectangular sample main printing parameters.

PVAS15 - - - - 20
PVAC20 1.6 0.8 5 60 20
PVAC25 1.6 0.8 5 60 20
PVAC30 1.6 0.8 1 60 20

PVA samples were dried for 24h at 50 °C in oven. In leather cases, they were then
thermally cured at 120 °C for 2h.

All the three-dimensional printed specimens were manually polished to eliminate
typical roughness because of three-dimensional printing manufacturing.
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8 Results

The utilization of UV-assisted three-dimensional printing techniques allows for the
controlled extrusion of light-curable inks featuring diverse formulations and
mechanical properties, achieved by adjusting the operational variables. Nonetheless,
this investigation conducted a series of trials to assess the most suitable parameters for
the three-dimensional printing of mixtures containing varying levels of reclaimed
leather and exhibiting different rheological characteristics. A first study of
silica+tmatrix was conducted to better understand the properties and the behaviour of
the latter.

8.1. LCA

A comparative Life Cycle Assessment (LCA) was conducted, contrasting leather
against a composite material comprising acrylic resin, as the representative matrix, and
leather waste. The LCA analysis draws upon literature sources [173], [174]. The chosen
life cycle impact assessment method is ReCiPe Midpoint (H). Two impact categories,
namely Climate change (kg CO: eq) and Acidification (kg SO: eq), were selected. The
assessment comprehensively considers the production, distribution, and disposal
stages within each impact category.

Table 10 summarizes the environmental impact comparing 1 kg of virgin leather,
recycled leather, raw hides and acrylic resin.

Table 10: LCA analysis comparison on selected materials.

Parameters Virgin leather Acrylicresin Recycled leather Raw hides
Climate change
11.51 4.35 1.56 1.07
[kg CO2 eq]
Acidification
0.42 0.04 0.03 0.03
[kg SO: eq]l

Recycled leather includes in its value raw hides and leather waste impacts. In the
following graphs, Figure 39 and Figure 40, a comparison of virgin and recycled leather
as a function of the composite composition is done for both parameters.
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Figure 39: Climate Change comparison between virgin and recycled leather.
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Figure 40: Acidification comparison between virgin and recycled leather.

It’s clear the differences between the virgin leather (100% of environmental impact)
and the recycled leather, in which the curve values decrease for higher concentration
of the latter (and lower of resin consequently).
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This scenario has two important consequences: on the one hand the production of
leather products from virgin leather decreases, but, as a result, the amount of non-
processed raw hides increases, accordingly with the increasing of disposal by
incineration and landfill.

8.2. Filler dimensional characterization

50 photos of the sieved and non-sieved leather were analysed with 50X lens. Eq. 5
described the ratio between filler area and circle area to investigate the shape of fillers.
Parameter goes to 1 when the filler is spherical, it goes to 0 when filler is filamentous.

p= Af iller
Acircle
Table 11 shows results of average P, Atiter, Acirce, and dav values and standard deviation
(0). dav is the average circle diameter, and, the characteristic dimension of the filler,
was defined as that value. Such a low value well describes what you see in the pictures,
i.e. elongated, filamentous fibres.

Table 11: Average results (and standard deviations) of P, filler area, circle area, diameter

filler.
Non-sieved leather 0.312 (0.126) 0.138 (0.136) 0.513 (0.493) 0.720 (0.370)
Sieved leather 0.375 (0.124) 0.107 (0.112) 0.341 (0.441) 0.574 (0.327)

The morphology appears to be very variable, as shown in Figure 41 and Figure 42, but
still made up of coils of microfibres, which are fibrous, elongated and branched. Figure
43 and Figure 44 represent respectively non-sieved and sieved leather photos.
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Figure 41: Range distributions of non-sieved leather.
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Figure 44: Sieved leather filaments.

8.3. Characterization of PVA Methacrylation

Figure 45 shows H-NMR spectra of PVA and PVAM. The high-intensity signal of the
solvent ((CD3)2SO) in both spectra is located at 3.3 ppm.
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Figure 45: H-NMR spectra of PVA and PVAM.

In the PVAM spectrum, the peak relative to protons belonging to the methyl group in
the methacrylic pendants is visible at 1.9 ppm. This peak is not present in the PVA
spectrum, confirming methacrylation. In the range between 4.2 and 4.4 ppm, three
peaks corresponding to protons in -OH groups are visible in both spectra.

To quantify the reaction's effectiveness, the degree of substitution (or methacrylation,
DM) of the synthesized PVAM was calculated used the Eq. 6 applied to PVAM
spectrum:

11.86

DM[%] = - 100 = 4.46%

3
L1 86 6
lon +=57

In order to perform the methacrylation reaction, glycidyl methacrylate has been added
in a quantity equal to 5% mol/mol OH. Therefore, the maximum DM achievable is 5%.
Having a DM equal to 4.46% indicates a reaction yield equal to 89%.

The absence of peaks in the ranges 2.629-2.638 ppm and 2.759 -2.777 ppm indicates that
no residual GMA or reaction by-products are present in the polymer. Therefore,
acetone washings following the methacrylation properly removed any contaminant.
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8.4. SR349 Results

8.4.1. SR349 + Silica Results

8.4.1.1. Rheological tests

Different formulations were tested. Three percentages of silica were characterized: 0,
5,10, 15 and 20 % w/w with respect to the matrix. Rheological tests were performed to
assess the behaviour of the inks, whether Newtonian or pseudoplastic. Flow sweep
test gives this information. In Figure 46 is represented the curves behaviors.

b SR349
10° ¢ —— SR349 + 5% Silica
F —— SR349 + 10% Silica
‘ ——— SR349 + 15% Silica
—— SR349 4+ 20% Silica
“wn 101 o
@ E
=)
B
O
<
R’
- :
100 ¢
10_2 _,)‘ £ 3 5aa il & 2 4 oaaal i 2 5 {5 el . .....AJ‘ . 1
102 101 10° 10! 102 103

Shear rate [s!]
Figure 46: Flow sweep test of SR349+Silica formulations.

Frequency sweep test is then performed, allowing to assess the pseudoplasticity of the
formulation. In this oscillatory test, an increasing frequency has been imposed and
complex viscosity has been measured. The frequency interval of the test is 0.01+100
Hz and the amplitude of oscillation is 1%. Results are represented in Figure 47, where
SRS10, SRS15, and SRS20 show a pseudoplastic behaviour, so suitable to the three-
dimensional printing. Consistent with the expectation, formulations with increasing
silica content show increasing viscosity throughout the analysed frequency range.
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Figure 47: Frequency sweep test of SR349+Silica formulations.

The amplitude sweep test is an oscillatory rheology test that involves the imposition
of increasing shear amplitudes while maintaining a constant frequency, resulting in an
escalating shear rate. This process allows the measurement of storage and loss moduli.
Identifying the intersection point between G' and G" is crucial, as it corresponds to the
initiation of flow. The stress corresponding to this initiation is termed the yield stress,
and the strain associated with it is known as the yield strain. The range of shear
deformation during this test spans from 0% to 100%. Figure 48 shows how the
crosspoint increases at higher silica content. [61][61]
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Figure 48: Amplitude sweep test of SR349+Silica formulations.

From this second test, yield stress and yield strain are extrapolated, as reported in
Figure 49, that correspond to the crosspoints. Also here, higher silica content, higher
yield stress and strain values, so higher pressure to extrude the material. Infine, a very
limited linear viscoelastic region (deformation range in which storage modulus is
constant) is visible. Samples at 0 and 5 % show no zones of solid-like behavior. The
value of 8030 Pa of yield stress for 20% is very high, one begins to perceive that it may
not be printable.
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Figure 49: Yield stress (a) and Yield strain (b) values of different SR349+Silica formulations.

The thixotropy test involves three sequential steps: (I) applying 1% shear deformation
to simulate material in a cartridge; (II) subjecting the material to high shear
deformation (100%) to simulate extrusion; (III) applying 1% shear deformation to
simulate material on the printing plate. The frequency is 1 Hz for the three steps.
Conservative (G’) and dissipative (G””) moduli are measured as a function of time.
Initially, G' > G" showing a solid-like behaviour for small deformations and therefore
the presence of a yield point. This result is coherent with what found in the amplitude
sweep test: yield deformation is higher than 1% for the three compositions and
therefore solid-like behaviour was expected for this level of stimulus. During
extrusion, G' < G", indicating a liquid-like state. This shows how the flow onset is
possible for higher force applied. This way, the material is extrudable. A quick return
of G' above G" post-extrusion is favourable, suggesting That the material can return to
a solid-like behaviour after being extruded. The duration of each step is 300 s. The
duration of the extrusion though the nozzle is in reality much faster. Therefore, it can
be supposed that, being the duration of large deformation much smaller, the extent of
thixotropy would be much lower during actual extrusion. Therefore, the materials are
expected to come back to solid-like behaviour in a faster way than they did in the
current test. Results are represented in Figure 50. At higher silica content, the
crosspoint time decreases, indicating a quicker self-sustaining. Finally, higher values
of moduli are observed in the three steps for higher silica contents, coherently with
previous characterizations and with what expected.



78 8| Results

10(i F T T T
; SR349

———SR349 + 5% Silica
- ———SR349 + 10% Silica

10° E ——SR349 + 15% Silica

; —— SR349 + 20% Silica | ]

B Storage Modulus [Pa] | ]
h ® Loss Modulus [Pa :
10l \ E

"Imw

101 1 1 1
0 300 600 900
Time [s]

Figure 50: Thixotropy test of SR349+Silica formulations.

8.4.1.2. Printability tests

To understand the best ink for the three-dimensional printing process, printing tests
were done for all formulations except for the 20% w/w due to the printing process
problems of too high viscosity and impossibility of extrusion, aalready expected as a
result of the amplitude sweep test, as reported in Figure 51, and 0% w/w which, lacking
viscosity and thus its own post-extrusion stability, was unable to recreate the test.

Figure 51: Printability tests of SRS20.
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Starting from the filament uniformity, in Figure 52 are reported all results. Taken the
average diameter of the printed filament as the reference parameter, the uniformity
was calculated. Eq. 7 was used for the test.
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Figure 52: Filament uniformity test of SRSX.

It's evident the difference between formulations. SRS15 shows a very low value
parameter, meaning that the ink is very stable after the extrusion, unlike SRS5, that

presents a high value.

Filament fusion test, in Figure 53, is another printability test evaluation. Decreasing
the distance between filaments, the ability of them to be steady can be understood.
Filament distances fq, that decreases during the test and it’s proportional to the nozzle
diameter; fused segment length fs; filament thickness f: are the parameters taken into
account. Also here, higher the silica content, higher is the number of distinguishing

filaments.
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Figure 53: Filament fusion test of SRSX.

Path distances are proportional to the nozzle diameter. SRS5 has only two points due
to the fact that only two filaments remained distinguishable, while all the other ones
fused. The same reasoning can be made for SRS10, meanwhile, SRS15 is the only one
that has no fused filaments and the most constant fused segment length fs/f: ratio,
indicating a more uniform printing. Being the ratio always very close to 1, the material
exhibited a good ability to produce small features with a good fidelity.

In the last test, the grid view, through the printing index P: of Eq. 8, stability and
printability is evaluated. Figure 54 show the results of the different formulations.
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Figure 54: Grid test of SRSX.
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Also in this case, SRS15 results the best one. The printability index of SR510 and SRS15
are the same, but, in the first case, the error degree is higher, meaning that same pores
are nonlinear. The Fig. X shows SRS15 grid.

Figure 55: Printability tests of SRS15.

From this point forward, SRS15 was chosen as formulation representative of the matrix
and used for further characterization thanks to the better results than the other
formulations. So only it is considered for the remaining tests.

8.4.1.3. Gel content
To investigate gel content percentages of printed samples, Eq. 9 was used.

Wn — W
0—f>><100 9

Gel% = (1 -
Wy

A gel content below 100% suggests the existence of low molecular weight components,
indicating the presence of incompletely reacted monomers. While these components
may function as plasticizers, they can pose risks by diminishing mechanical strength
and elastic modulus, inducing chemical and physical instability in the polymer. This
instability may manifest as issues such as yellowing due to spontaneous and
uncontrolled reactions over time. Additionally, these low molecular weight species
may migrate to the polymer's surface, forming an adhesive layer.

Two different crosslinking time were evaluated: 10 or 20 minutes for each specimen
side, using a UVA lamp.

Table 12 shows the results. At longer exposure time, the percentage of monomers
crosslinked is higher, near the totality. Consequently, also the mechanical properties
increase and the final material results more rigid.

Table 12: Gel content test results of SRS15.
Sample Gel%

SRS15 10min UV 98.3
SRS15 20min UV 98.9
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8.4.1.4. UV-DSC

The evaluation of reacted functional groups in the material, trough the UV light, was
performed through the UV-DSC test at room temperature. The UV intensity is 210.6
mW/cm? and the duration of the test is 15 minutes. In the following Table 13 test results
are repoted. Eq. 10 was used to calculate the curing percentages.

Hpc
1
1+0.15
H
1
1+ 0.15

10

Table 13: UV-DSC test results of SRS15.

Sample Curing%
SRS15 10min UV 85.3
SRS15 20min UV 96.7

A remarkable difference was observed in the two types of samples. Higher the curing
time, higher the yield of the reaction. After 10 minutes, the crosslinking reaction is
arleady at a good level of yield, but has to be continued to reach higher levels. It has
to be noted thas a yield of 100% often correspond to material brittleness. In addition,
sometimes it can be reached only with a processing which also degrades the material,
causing yellowing and formation of volatile or harmful species. A yield slightly lower
than 100% does not correspond to low molecular weight oligomer in the polymer. It
corresponds to a completely formed network (in which all monomer molecules have
been included in such network) in which some molecules retained unreacted groups.
Therefore, a value of 96.7% does not indicate the presence of unreacted monomer (that
can be harmful), but it is a completely acceptable value.

8.4.1.5. DSC

DSC tests were performed to know the glass transition temperature of the printed
samples. The range temperature starts from 25°C and arrives at 250°C with a rate of
10°C/min. This manages to understand the transition of the material from glass to
rubber phase. Two different UV lamp time was evaluated in this case. In Table 14 Ty
are reported.

Table 14: DSC test results of SRS15.

Sample Ts [°Cl]
SRS15 10min UV 49
SRS15 20min UV 52
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Consistent with UV-DSC and gel content, there is a slightly higher T for the 20 minute
crosslinked sample, hence a higher crosslinking density. The small difference between
the two indicates that doubling the curing time does not result in such a significant
increase in crosslinking density, indicating that already after 10 minutes the
crosslinking reaction is well advanced.

8.4.1.6. Uniaxial tensile test

Mechanical behavior was investigated by means of uniaxial tensile testing on SRS15
specimens. Figure 56 shows the average curve trend of printed and cast specimens. In
Table 15 and in Figure 57 the average (and standard deviation o) values of elastic
modulus, maximum tensile strength, elongation at break and toughness were
summarized, comparing cast samples with printed samples.
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Figure 56: Mechanical test results of SRS15.

All mechanical properties depend on crosslinking time and there is also a difference
between printed and casted specimens. A lower UV curing time means lower
brittleness material with lower Young’s moduli and stresses at break, but higher
toughness and elongations at break. Also Printed specimens show more ductile
behavior than casted one. This could be attributed to defects in the printed specimens,
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or a strong anisotropic behavior of the specimens due to the printing strategy adopted.
Modulus and strain at break are typical of cross-linked acrylic resins. Another value
confirming that processing is sufficient to give complete crosslinking.

Table 15: Summary of mechanical properties of SRS15.

. . 1.26 19.89 4.59 68.98
SRS15 - Printed + 10min UV
(0.062) (0.964) (0.502) (6.643)
. 1.54 30.36 3.77 78.77
SRS15 - Cast + 10min UV
(0.099) (1.705) (0.295) (11.754)
1.46 24.76 3.20 51.87
SRS15 - Printed + 20min UV
(0.100) (2.635) (0.659) (19.656)
. 1.92 31.07 2.00 35.56
SRS15 - Cast + 20min UV
(0.255) (2.464) (0.164) (5.661)

I Cast
Printed

SR349 + 15 % Silica - 10 Min curing
I SR349 + 15 % Silica - 20 Min curing
I SR349 - 30 Min curing (Mantelli et al., 2021)
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Figure 57: Summary of mechanical properties of printed and cast SRSX.

8.4.2. SR349 + Leather Results

8.4.2.1. Formulation

The specimens containing non-functionalised leather were not properly formulated as
the filler did not disperse well in the resin, precipitating as soon as stirring was
stopped.
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Functionalisation worked, as the mixing between resin and functionalised filler was
homogeneous. Consequently, for all subsequent characterisations, the specimens used
were the functionalised ones.

Figure 58: Qualitative test of leather dispersion in: acetone (left); ethanol (middle); water
(right).
Figure 58 is only a qualitative test but shows well how the filler disperses well in polar

solvents (water, right becker) while tending to aggregate in apolar solvents (acetone,
left becker).

8.4.2.2. Rheological tests

Formulations containing three different contents of leather were characterized: 10, 15
and 20 % w/w with respect to the matrix. Frequency sweep test is performed to
evaluate shear-thinning behavior. The frequency interval of the test is 0.01+-100 Hz
and the amplitude of oscillation is 1%. Figure 59 shows results, where SRC10, SRC15,
and SRC20 were analysed.
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Figure 59: Frequency test of SR349+Leather formulations.



86 8| Results

The amplitude sweep test is an oscillatory rheology test that involves the imposition
of increasing shear amplitudes while maintaining a constant frequency, resulting in an
escalating shear rate. This process allows the measurement of storage and loss moduli.
Identifying the intersection point between G' and G" is crucial, as it corresponds to the
initiation of flow. The stress corresponding to this initiation is termed the yield stress,
and the strain associated with it is known as the yield strain. The range of shear
deformation during this test spans from 0% to 100%. Figure 60 shows the storage and
loss moduli at varying strain. It can be noted how the deformation corresponding to
the crosspoint decreases at higher leather content. Moduli increase with increasing
leather content, coherently with what expected. In this case, no linear viscoelastic
region is visible.

[61][61]
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Figure 60: Amplitude sweep test of SR349+Leather formulations.

From this second test, yield stress and yield strain are extrapolated, as reported in
Figure 61, that correspond to the crosspoints. The filler has a low bulk density, in fact
during formulation it was seen that already at 10% by weight, the volume of filler
relative to the matrix was high. This leads to paste-like formulations, so we expect the
yield stress to increase as the filler increases. As far as deformation is concerned, it is
understandable how formulations with a high solid fraction become less deformable
as the latter increases.
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Figure 61: Yield stress (a) and Yield strain (b) values of different SR349+Leather
formulations.

The thixotropy test involves three sequential steps: (I) applying 1% shear deformation
to simulate material in a cartridge; (II) subjecting the material to high shear
deformation (100%) to simulate extrusion; (III) applying 1% shear deformation to
simulate material on the printing plate. The frequency is 1 Hz for the three steps.
Conservative (G") and dissipative (G”) moduli are measured. Initially, G'> G" showing
a solid-like behaviour for small deformations and therefore the presence of a yield
point. This result is coherent with what found in the amplitude sweep test: yield
deformation is higher than 1% for the three compositions and therefore solid-like
behaviour was expected for this level of stimulus. During extrusion, G' <G", indicating
a liquid-like state. This shows how the flow onset is possible for higher force applied.
This way, the material is extrudable. A quick return of G' above G" post-extrusion is
favourable, suggesting That the material can return to a solid-like behaviour after
being extruded. The duration of each step is 300 s. The duration of the extrusion
though the nozzle is in reality much faster. Therefore, it can be supposed that, being
the duration of large deformation much smaller, the extent of thixotropy would be
much lower during actual extrusion. Therefore, the materials are expected to come
back to solid-like behaviour in a faster way than they did in the current test. Findings
are depicted in Figure 62, in which G” and G” as a function of the time. All formulations
show a solid-like behaviour immediately after the start of the third step, which is to be
expected given the high solid (volume) fraction of the formulation. It can be seen that
the modulus increases as the amount of filler increases, consistent with what was
found in the amplitude sweep.
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Figure 62: Thixotropy test of SR349+Leather formulations.

8.4.2.3. Printability tests

All formulations, 10, 15, and 20 % w/w of leather respect to the resin, are tested to
evaluate the printability and stability behaviour, but, probably, during
functionalisation perhaps the filler swells by being immersed in ethyl alcohol for 26h.
This fact, coupled with the low viscosity of the resin, leads to demixing during
extrusion and the formation of aggregates in the nozzle. This resulted in a
discontinuous flow of material and an inability to print homogeneously.

In conclusion, SR349 + leather was successively tested only in cast.

8.4.2.4. Gel content
To investigate gel content percentages of printed samples, Eq. 9 was used.

W, W.
Gel% = (1 _ O—f) x 100 9

Wy
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Table 16 shows the results. The gel content decreases as the filler content increases. It
is very likely that the filler contains soluble components. This would confirm the trend
and suggest that the gel contend is actually higher than measured.

Table 16: Gel content test results of SRCX.

Sample Gel%
SRC10 92.31
SRC15 91.95
SRC20 83.03

8.4.2.5. UV-DSC

The evaluation of reacted functional groups in the material, trough the UV light, was
performed through the UV-DSC test at room temperature. The UV intensity is 210.6
mW/cm? and the duration of the test is 15 minutes. In the following Table 17: UV-DSC
test results of SRC10. test results are reported. Eq. 10 was used to calculate the curing
percentages.

Hpc
1
1+4+0.1
H
1

10

1+0.1

. Where 1 and 0.1 at denominators represents respectively the resin and filler fractions.

Table 17: UV-DSC test results of SRC10.

Sample Curing%
SRC10 0.16
Only SRC10 was evaluated since the UV curing process is practically null. This result

justifies the initial assumption to adopt a dual curing strategy because of the
assumption that leather shields UV rays.

8.4.2.6. DSC

DSC tests were performed to know the glass transition temperature of the printed
samples and their reacted functional groups using thermal source. For these
specimens, a dual curing strategy was carried out. The range temperature starts from
25°C and arrives at 250°C with a rate of 10°C/min. In Table 18 T are reported. Eq. 10
shows the strategy adopted to calculate the curing percentages.
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Hpc

’H

1+X

10

|+

1+X

Where X represents the filler percentage (0.1 for 10%; 0.15 for 15%; 0.2 for 20%).
Table 18: DSC test results of SRCX.

Sample Curing%  Ts[°C]
SRC10 87.95 43.96
SRC15 81.06 45.03
SRC20 98.48 45.24

There is no definite trend for either Tg or conversion rates, so all the matrix reticulates
independently of the amount of filler.

Such a T; is not very high. Given the intended application, i.e. the fashion/accessories
market, it was nevertheless deemed acceptable but improvable.

8.4.2.7. Uniaxial tensile test

Mechanical behavior was investigated by means of uniaxial tensile testing only on
casted specimens. Figure 63 shows the average curve trend of cast specimens, with a
comparison with SRS15 cast. In Tab. X the average values of elastic modulus,
maximum tensile strength, elongation at break and toughness were summarized,
comparing cast samples with printed samples.
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Figure 63: Mechanical test results of SRCX cast.

SRC10 and SRC15 exhibit similar characteristics compared to the control formulation
(matrix+silica). This suggests that a uniform dispersion has been achieved, and the
functionalization has effectively promoted compatibility between the matrix and the
filler. However, a further increase in the filler quantity has a diminishing effect,
indicating the establishment of a threshold value.

As previously mentioned, the small apparent density of the filler results in a high-
volume fraction even at lower weight fractions. Consequently, it is reasonable to
assume that a filler content of 20% w/w goes beyond the maximum limit for proper
mixing and resin permeation into the filler.

Table 19 and Figure 64 summarised average mechanical properties, and standard
deviation o.
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Table 19: Summary of mechanical properties of SRCX.

1942.58 25.88 1.57 22.18
SRC10
O1.12)  (288)  (028)  (6.35)
1923.95 29.55 1.82 29.07
SRC15
6426)  (336)  (023)  (7.67)
1086.57 14.04 1.55 12.29
SRC20
(179.26)  (403) (025  (5.6)
1918 31.07 2.00 35.56
SRS15
(255.09)  (246)  (0.16)  (5.66)
SR349 + 10 % Leather - Cast
I SR349 + 15 % Leather - Cast
I SR349 + 20 % Leather - Cast
I SR349 + 15 % Silica - Cast
3000 — 34 40 - 50 -

2000 l

1000 —

Elastic Elongation Stress at Toughness
Modulus [MPa] at break [%] break [MPa] [MPa]

Figure 64: Summary of mechanical properties of printed and cast SRCX.

8.5. PVA Results

8.5.1. PVA + Silica Results

8.5.1.1. Rheological tests

Three different silica concentrations than PVA matrix were analysed: 10, 15, and 20 %
w/w. Glycerol in 20% w/w respect to water and PVA, were added to formulations.

The frequency sweep test is executed to evaluate the pseudoplastic characteristics of
the formulation. In this oscillatory test, an escalating frequency is applied, and the
complex viscosity is measured. The frequency range for the test spans from 0.01 to 100
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Hz, with a 1% amplitude of oscillation. The outcomes are depicted in Figure 65,
illustrating that PVAS10, PVAS15, and PVAS20 exhibit pseudoplastic behavior,
making them suitable for 3D printing. As in SR349 case, formulations with higher silica
content demonstrate elevated viscosity across the entire frequency range.

109 ¢ ———— ————y —————— ——————
: PVA + 10 % Silica + 20 % Glycerol |
PVA + 15 % Silica + 20 % Glycerol |

108 ——PVA + 20 % Silica + 20 % Glycerol | |

—
(a)
S

Complex Viscosity [Pa - s]
S,

—
e
(V]

—
e
TTTTT
no

PR

1071 100 10! 102

Frequency [Hz]
Figure 65: Frequency sweep test of PVA+Silica formulations.

The amplitude sweep involves applying progressively larger shear amplitudes at a
constant frequency, leading to a gradual increase in shear rate. This method facilitates
the measurement of storage and loss moduli. Identifying the point of intersection
between G' and G" is important, signifying the onset of flow. The stress at this initiation
is the yield stress, and the corresponding strain is the yield strain. Shear deformation
ranges from 0% to 100% during this test. Figure 66 illustrates the upward trend of the
crosspoint with elevated silica content.



94 8| Results

PVA + 10 % Silica + 20 % Glycerol | -
—— PVA + 15 % Silica + 20 % Glycerol | |
—— PVA + 20 % Silica + 20 % Glycerol
. B Storage Modulus [Pa]

1071 ® Loss Modulus [Pa] ]

103 C V ) ]

|

10° 10! 107
Shear deformation [%)]

Figure 66: Amplitude sweep test of PVA+Silica formulations.

From this second test, yield stress and yield strain are extrapolated, as reported in
Figure 67, that correspond to the crosspoints. In this case, yield stresses are not as high
as in the previous case (SR349), so no printability problems due to inability to extrude
are expected (as in the case of SRC20).
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<
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~ 150
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50
10 % 15 % 20 %
10 % 15 % 20 % Silica content
Silica content
(a) Yield stress. (b) Yield strain.

Figure 67: Yield stress (a) and Yield strain (b) values of different PVA+Silica formulations.

The thixotropy test comprises three steps: (I) applying 1% shear deformation to
simulate material in a cartridge; (II) subjecting the material to high shear deformation
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(100%) for extrusion simulation; (III) applying 1% shear deformation for material on
the printing plate. Frequency is 1 Hz for all steps. Conservative (G") and dissipative
(G”) moduli are measured over time. Initially, G' > G", indicating solid-like behavior
with a yield point. During extrusion, G' < G", suggesting a liquid-like state, allowing
extrusion. Rapid G' recovery post-extrusion is favorable, indicating a return to solid-
like behavior. Each step lasts 300 s, with faster actual extrusion durations. Figure 68
illustrates the outcomes. With increased silica content, the crosspoint time decreases,
implying a faster self-sustaining behavior (minimal difference between PVAS15 and
PVAS20). Additionally, higher modulus values are observed in the three steps for
higher silica contents, aligning with prior characterizations and expectations.

"

10° F T T | s

PVA + 10 % Silica + 20 % Glycerol | -
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104 Loss Modulus [Pal |

103 | e E

102 | ] 1
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Figure 68: Thixotropy test of PVA+Silica formulations.

8.5.1.2. Printability tests

In this case silica filler was studied with the only purpose of understanding the
mechanical properties of the PVA matrix, so no printability tests were done.

8.5.1.3. Gel content
To investigate gel content percentages of printed samples, Eq. 9 was used.

Wog — W
0—f)><100 9

Gel% = (1 -
Wy
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In this case, w, takes into account lost glycerol, so it is not the entire sample weight,
but the sample less the glycerol weight.

Only PVASI15 was taken into account and the result is represented in Table 20.
Table 20: Gel content test result of PVAS15.

Sample Gel%
PVASI15 86.36

8.5.1.4. UV-DSC

The assessment of reactive functional groups in the material using UV light was
conducted via the UV-DSC test carried out at room temperature. The UV intensity
employed was 210.6 mW/cm?, and the test duration extended for 15 minutes. The
results, in Table 21, extrapolated from the curves obtained, show a practically complete
cross-linking of the samples.

Table 21: UV-DSC test results of PVASX.

Sample Curing%
PVAS10 =100
PVAS15 =100
PVAS20 =100

8.5.1.5. DSC

DSC analyses were conducted to determine the glass transition temperature (T5) of the
PVAS15 casted samples. The temperature range initiated at 25°C and progressed to
250°C, with a heating rate of 10°C/minute. Table 22 details the recorded glass transition
temperatures (Tg).

Table 22: DSC test results of PVASX.

Sample Ts [°Cl]
PVAS15 44.21

8.5.1.6. Uniaxial tensile test

The mechanical characteristics were scrutinized through uniaxial tensile testing
conducted on PVAS15 specimens. A comparison was made between material samples
with and without glycerol to rationalize its application for enhancing PVA ductility.
Figure 69 illustrates the averaged curve trends of the cast specimens.
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Figure 69: Mechanical test results of PVAS15 cast with and without glycerol.

From the graph is evident the different behavior of the two materials. Glycerol gives
ductility to the virgin matrix decreasing the Young’s modulus, elongation at break,
and toughness, as the Table 23 and the summarize. Also standard deviations (o) are
reported. It can be seen how the material, initially rigid and brittle, takes on mechanical
properties typical of elastomeric matrices.

Table 23: Summary of mechanical properties of PVAS15 cast with and without glycerol.

1162.07 14.44 2.28 20.42
PVASI15 Cast
(216.72) (1.97) (0.54) (7.05)
56.20 3.66 19.81 50.26
PVAS15 +20% Gly Cast
(5.15) (0.16) (2.07) (5.43)
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Figure 70: Summary of mechanical properties of printed and cast PVASX.

8.5.2. PVA + Leather Results

8.5.2.1. Rheological tests

Different concentrations of leather, 20%, 25%, and 30% w/w in relation to the matrix,
were investigated. Again 20% w/w of glycerol is added.

The primary examination performed was the frequency sweep, with complex viscosity
as the resultant parameter. The test encompasses a frequency range from 0.01 to 1000
Hz, employing a 1% oscillation amplitude. The results of these analyses are depicted
in Figure 71.
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Figure 71: Frequency sweep test of PVA+Leather formulations.

The amplitude sweep test, an oscillatory rheology procedure, involves applying
increasing shear amplitudes while maintaining a constant frequency, resulting in a
rising shear rate. This method measures storage and loss moduli. Identifying the
intersection of G' and G" is crucial, marking the onset of flow. The stress at this point
is the yield stress, and the corresponding strain is the yield strain. Shear deformation
ranges from 0% to 100%. Figure 72 shows the storage and loss moduli with varying
strain. The crosspoint deformation decreases with higher leather content, while
moduli increase, aligning with expectations.
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Figure 72: Amplitude sweep test of PVA+Leather formulations.

From this second test, yield stress and yield strain are extrapolated, as reported in
Figure 73, that correspond to the crosspoints. The filler has a low bulk density, in fact
during formulation it was seen that already at 20% by weight, the volume of filler
relative to the matrix was high. This leads to paste-like formulations, so we expect the
yield stress to increase as the filler increases. As far as deformation is concerned, it is
understandable how formulations with a high solid fraction become less deformable

as the latter increases.
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Figure 73: Yield stress (a) and Yield strain (b) values of different PVA+Leather formulations.

The examination of thixotropy involves three consecutive phases: (I) applying a 1%
shear deformation to replicate material in a cartridge; (II) subjecting the substance to
significant shear deformation (100%) to mimic extrusion; (III) implementing an
additional 1% shear deformation to simulate material on a plate. The measurements
encompass both conservative (G’) and dissipative (G”) moduli. Initially, G' exceeds G"
due to a creep threshold. During extrusion, G' dips below G", indicating a liquid-like
state. A swift recovery of G' above G" after extrusion is beneficial, signifying material
cessation. Tests consist in 300 s steps, and the outcomes are depicted in Figure 74. All
formulations show a solid-like behaviour immediately after the start of the third step,
which is to be expected given the high solid (volume) fraction of the formulation. It
can be seen that the modulus increases as the amount of filler increases, consistent with
what was found in the amplitude sweep. They show also higher conservative modulus
than dissipative one, although the discrepancy is small, immediately after the
beginning of the third step.
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B Storage Modulus [Pa
, ® Loss Modulus [Pa]
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Figure 74: Thixotropy test of PVA+Leather formulations.

8.5.2.2. Printability tests

Starting from the filament uniformity, in Figure 75 are reported all results. Taken the
average diameter of the printed filament as the reference parameter, the uniformity
was calculated for all PVA formulations. Eq. 7 was used for the test.

_ §V=1 Idi - davl
N

U
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Figure 75: Filament uniformity test of PVACX.

The filament fusion test, as illustrated in Figure 76, is an additional assessment of
stability. By reducing the separation between filaments, one can gauge their stability.
Parameters under consideration include filament distances (fa), which diminish during
the test and are proportional to the nozzle diameter, fused segment length (fs), and
filament thickness (f:).
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Figure 76: Filament fusion test of PVACX.

The distances covered follow the proportionality of the nozzle diameter. All three
formulations exhibit excellent printing performance, displaying no noticeable
differences, but PVAC25 and PVAC30 demonstrated similar printability.
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In the final assessment, the grid view examines stability and printability using the
printing index (Pr) as defined in Eq. 8. Figure 77 displays the outcomes for various
formulations.
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Figure 77: Grid test of PVACX.

There is a clear trend in the parameter. For higher leather values, the index increases.
This is justified by the fact that, when the nozzle crosses the already printed filaments,
it drags material with it. As a result, it can be seen that the greater the amount of leather
equals the greater the amount of material dragged.

8.5.2.3. Gel content
Eq. 9 was used to investigate gel content percentages of different formulations.

Wog — W
0—f)><100 9

Gel% = (1 -
Wy

Also here w, takes into account lost glycerol, so it is not the entire sample weight, but
the sample less the glycerol weight. The gel content decreases as the filler content
increases. It is very likely that the filler contains water-soluble components. This would
confirm the trend and suggest that the gel contend is actually higher than measured.
Table 24 shows the results.

Table 24: Gel content results of PVACX.

PVAC20 99.19
PVAC25 96.38
PVAC30 89.14
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8.5.2.4. UV-DSC

The analysis of reactive functional groups in the material using UV light was
performed through the UV-DSC test conducted at room temperature. The test utilized
a UV intensity of 210.6 mW/cm?, and the duration extended for 15 minutes. The results
of the test are because of the null ability of UV to crosslink. Also these results justify
the dual curing strategy.

8.5.2.5. DSC

DSC analyses were conducted to determine the glass transition temperature (T5) of the
casted specimens and their thermal curing percentage. The temperature range
initiated at X°C and progressed to 250°C, with a heating rate of 10°C/minute. Table
25details the recorded Ts and curing percentages.

Table 25: DSC test results of PVACX.

Sample Curing% T [°C]
PVAC20 7217 43.83
PVAC25 90.89 47.26
PVAC30 88.74 47.08

The observed conversions are relatively low, depending on the nature of the process.
The material being cured is a polymer which can crosslink in correspondence on the
few methacrylic groups added, in contrast to usual monomers with low molecular
weight and many crosslinking sites. The limited availability of crosslinkable groups
fand the reduced mobility of polymeric PVA chains leads to a very slow kinetic profile
at elevated conversion levels, residual reactive groups are very unlikely to meet.

Nevertheless, this result is not a big concern. Unreacted molecules are anyway high
molecular weight polymeric chains, excluding concerns of toxicity associated with
usual monomeric residues. Moreover, the mechanical properties remain largely
unaffected, as the unreacted material does not impart the typical plasticizing effects
characteristic of residual monomers.

There is no consistent trend observed for the rates of Ts. The values are not
exceptionally high. However, considering the intended use in the fashion and
accessories market, they are considered acceptable but with room for improvement.

8.5.2.6. Uniaxial tensile test

The mechanical attributes were examined using uniaxial tensile testing on both printed
and cast specimens with varying formulations. Figure 78 depicts the average trends of
the curves for these specimens proposing a comparison with the PVAS15 cast.
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Figure 78: Mechanical test of printed and cast PVACX.

All compositions exhibit a higher modulus and tensile strength compared to the
control composition of PVA+Silica+Glycerol. Consequently, it can be inferred that the
filler, without any functionalization, has been adequately dispersed, exhibiting good
adhesion and impregnation with the matrix. The filler, therefore, serves a reinforcing
function.

The printed specimens show increased elongation at break, and a lower modulus and
tensile strength. It is evident that the printing process has an impact on the material. It
is plausible to hypothesize that extrusion through a nozzle aligns the filler within the
material. Given the branched morphology of leather particles, this alignment might
result in an apparently lower volumetric fraction within the material. Consequently,
the reinforcing action of the filler is mitigated.

All formulations display mechanical properties typical of elastomeric resins and are
potentially usable with appropriate design and sizing of the produced parts. The goal
of these formulations was to emulate the mechanical characteristics of virgin leather,
approximately 100 MPa modulus, 10% elongation at break, and 10% deformation at
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break. The PVAC25 printed formulation closely approaches this target. Testing
various combinations of plasticizers and fillers makes it presumable that the target can
be achieved.

It is worth noting that the major polyurethanes used to produce synthetic leather have
mechanical properties significantly different from those of virgin leather but are still
employed with suitable sizing adjustments.

Young’'s modulus, elongation at break, and toughness averages, with their respective
standard deviations o, are summarized in Table 26 and in Figure 79.

Table 26: Summary of mechanical properties of printed and cast PVACX.

E [MPa] ov»[MPal &bv[%] k [MPa]
Sample
(o) (o) (o) (o)
. 74.18 3.96 17.64 47 .96
PVAC20 - Printed
(3.54) (0.19) (2.90) (11.05)
108.32 4.02 14.63 41.38
PVAC20 - Cast
(15.53) (0.17) (3.11) (11.85)
. 170.77 6.67 19.25 94.37
PVAC25 - Printed
(11.00) (0.34) (2.57) (12.89)
175.36 4.78 9.17 27.54
PVAC25 - Cast
(16.56) (0.28) (1.32) (1.41)
. 178.57 5.72 12.45 50.05
PVAC30 - Printed
(15.03) (0.85) (1.80) (19.64)
310.03 6.29 5.95 26.75
PVAC30 - Cast
(22.62) (0.63) (1.06) (8.55)
56.20 3.66 19.81 50.26
PVASI15 - Cast
(5.15) (0.16) (2.07) (5.43)
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Figure 79: Summary of mechanical properties of printed and cast PVACX.

The result of a 4x4 cm 3D printed sample is shown in Figure 80.

Figure 80: Results of 3D printed sample after: printing (left), curing (middle); drying (right).

8.3.2.6.1. Material formulations

Here a summary of all PVA+Leather formulations is done in Table 27. Percentages are
referred to the total mass of the specimens. A comparison between weight fractions
before and after drying was evaluated, considered null the water fraction.

Table 27: PVACX weight fraction before and after drying.

PVAC20 52.77% 17.41%  14.04% 1.58% 0.16% 14.04%
PVAC25 50.98% 16.82%  16.95% 1.53% 0.15% 13.56%
PVAC30 49.31% 16.27%  19.67% 1.48% 0.15% 13.12%
PVAC20 - Dry - 36.87%  29.72% 3.35% 0.34% 29.72%
PVAC25 - Dry - 34.32%  34.58% 3.12% 0.31% 27.67%
PVAC30 - Dry - 32.10%  38.81% 2.92% 0.29% 25.88%
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9 Conclusions

In this work the evaluation of leather as reinforcing filler for 3D printing is done. This
was born from the environmental impact aims, that, with continued growth in demand
in the coming years, will become increasingly important.

From this point of view, thanks to LCA, it was demonstrated the important difference
between a conventional leather industry production, and a recycled leather production
through the additive manufacturing.

Also the goal as filler composite for polymer matrices was successfully achieved. Rigid
and ductile matrices, respectively SR349 and PVA, responded very well to the
mechanical tests, highlighting a threshold value for the leather concentration. Curing
characterization confirmed the proper crosslinking of the different formulations, due
to the dual curing strategy with thermal and UV-light sources.

As regard the printability, PVA shown high printing qualities. Due to the high leather
concentration, PVAC30 has been the most complicated, the very low printing speed (1
mm/s), resulting from the low ink flow, is a demonstration of that. Considering both
printing and mechanical characteristics, PVAC25 results the best one thanks a regular
ink flow without defects and good mechanical properties.

SR349 resulted non-ideal as polymer matrix for leather. Despite the use of the biggest
diameter nozzle, 1.6 mm, the main problem was related to the continuous clogging of
the latter, resulting in an intermittent flow. This caused an incomplete print, with
material missing. This could be caused by a not perfect chemical affinity of resin and
filler, non-polar resin and polar leather, or due to the filler dimension. Nowadays,
SR349 with leather fillers, can be used for cast applications. In this case an evident
threshold of leather concentration will notice, specifically over 15% w/w. Some future
developments have been investigated for SR349 matrix and leather fillers, and their
ability to be printed, as reducing the leather dimensions, avoiding clusters formation,
or find the most suitable functionalization process to avoid swelling of the leather by
immersion in solution.

The main future goal regards the applications of these materials. By varying the leather
concentration and the glycerol (only for PVA formulations) one, different behaviors
were shown by materials, and consequently different applications could be recovered
by them.
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Also environmental end-of-life impacts for 3D-Printed recycled leather composites
have to be assessed, due to no accurate existing literature data on leather goods.
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A Appendix A

Next photos represent the printability tests of SRS5 (above) and SRS10 (below).

In the following figure SRC10 (left), SRC15 (middle), and SRC20 (right) cast are shown.
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Printed PVAC20 (left), PVAC25 (middle), and PVAC30 (right) are illustrated in the
following image.
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