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Preface to ”3D Printing Technologies”

The family of technologies collectively known as additive manufacturing (AM) technologies,
and often called 3D-printing technologies, is rapidly revolutionizing industrial production. AM’s
potential to produce intricate and customized parts starting from a digital 3D model makes it one
of the main pillars for the forthcoming Industry 4.0. AM also offers the opportunity to precisely
engineer the properties of printed parts, with optimal material usage and an application-tailored
design. Finally, the great variety of 3D-printing techniques available makes the use of many different
materials possible: metals, polymers, ceramics, biomaterials and even living cells.

Thanks to these advantages over traditional manufacturing methodologies, AM finds potential
applicability in virtually all production fields. As a natural consequence of this, research in this
field is primarily focused on the development of novel materials and techniques for 3D printing.
The importance of AM in the scientific community is attested by the thousands of papers published
under the corresponding keywords in the last few years. This topic also caught the attention of major
scientific publishers, resulting in the dissemination of specialized journals and dedicated books.

This Special Issue of Technologies, titled “3D Printing Technologies”, aims at promoting the latest
knowledge on materials, processes, and applications for AM. It is composed of six contributions,
authored by influential scientists in the field of advanced 3D printing. The first paper, by Dr.
Statnik et al., investigates the mechanical properties of metallic parts 3D printed using selective
laser melting. In the second contribution, Dr. Koske et al. compare the influence of different infill
designs on the mechanical properties of polymeric objects realized via fused deposition modeling.
The third contribution of this Special Issue, proposed by me in collaboration with my coauthors,
fits into the topic of AM for biomedical applications. In particular, it describes the 3D printing and
wet metallization of untethered microdevices carrying hydrogel layers for controlled drug release.
Additionally, the fourth contribution, proposed by Dr. Leonardi et al., regards the applicability of
AM to the biomedical field. Indeed, Dr. Leonardi and her coauthors review the use of 3D-printed
models for the preoperative planning and surgery of the pathology known as pectus excavatum. The
last two contributions of this Special Issue deal with a fundamental aspect of polymeric-based AM
technologies: the possibility to metallize the surface of the objects obtained. Dr. Kotczyk-Siedlecka et
al. follow a wet metallization approach to realize decorated catalysts for methanol electro-oxidation,
while Dr. Romani et al. use a dry approach (physical vapor deposition) for the metallization of
thermoplastic polymers and composites.

The audience of this Special Issue includes professors, graduate students, researchers, engineers
and specialists working in the field of AM. Finally, as the Guest Editor of this Special Issue, I would
like to acknowledge the great efforts made by the authors to produce the high-quality research here
presented. It takes a considerable amount of time to write, submit and review the manuscripts and

recognizing this work is fundamental.

Roberto Bernasconi
Editor

ix
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Abstract: Currently, 3D-printed aluminium alloy fabrications made by selective laser melting (SLM)
offer a promising route for the production of small series of custom-designed support brackets and
heat exchangers with complex geometry and shape and miniature size. Alloy composition and
printing parameters need to be optimised to mitigate fabrication defects (pores and microcracks) and
enhance the parts’ performance. The deformation response needs to be studied with adequate char-
acterisation techniques at relevant dimensional scale, capturing the peculiarities of micro-mechanical
behaviour relevant to the particular article and specimen dimensions. Purposefully designed Al-Si-
Mg 3D-printable RS-333 alloy was investigated with a number of microscopy techniques, including in
situ mechanical testing with a Deben Microtest 1-kN stage integrated and synchronised with Tescan
Vega3 SEM to acquire high-resolution image datasets for digital image correlation (DIC) analysis.
Dog bone specimens were 3D-printed in different orientations of gauge zone cross-section with
respect to the fast laser beam scanning and growth directions. This corresponded to the varying
local conditions of metal solidification and cooling. Specimens showed variation in mechanical
properties, namely Young’s modulus (65-78 GPa), yield stress (80-150 MPa), ultimate tensile strength
(115-225 MPa) and elongation at break (0.75-1.4%). Furthermore, the failure localisation and charac-
ter were altered with the change in gauge cross-section orientation. DIC analysis allowed correct
strain evaluation that overcame the load frame compliance effect and helped to identify the uneven-
ness of deformation distribution (plasticity waves), which ultimately resulted in exceptionally high
strain localisation near the ultimate failure crack position.

Keywords: RS-333 alloy; SLM 3DP; in situ SEM tensile testing; DIC analysis; Ncorr

1. Introduction

Following a period of rapid development since the early 2000s, the additive CAD/CAM
technology of selective laser melting (SLM) 3D printing of metal alloys was expanded to in-
clude the use of aluminium alloys in the 2010s [1-3]. Important process aspects such as the
alloy composition, laser scanning rate and post-processing parameters were systematically
investigated to achieve desirable mechanical performance [4-6]. Developed on the basis
of the widely used near-eutectic casting Al-Si alloys, the newly formulated 3D-printable
Al-Si-Mg alloys facilitate the fabrication of parts with low porosity through ensuring ex-
tended solidification times and good flowability, leading to superior casting and printability
behaviour and low susceptibility to hot cracking. The improvement in the liquid-phase
viscosity by means of doping Al-Zn-Mg-Cu high-strength alloys with secondary alloying
elements (Zr, Mn, Fe, Co and others) reduces the propensity of undesired defect assemblies
(pores and coarse dendrite grains) down to acceptable levels [4]. Moreover, transition
elements such as Zr, Ti or Mn have strong grain-refining effects, leading to significant
improvements in the resistance to hot cracking due to the decreased size of dendrites,

Technologies 2021, 9, 21. https:/ /doi.org/10.3390/ technologies9010021
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which allows better liquid metal support within solid-liquid regions during solidifica-
tion. The introduction of such micro-alloying elements even in the form of nano-sized
particles is considered to be an efficient mean of improving printability [4]. Nevertheless,
other phenomena must be taken into consideration that occur at hierarchically different
dimensional structural levels. These include metallurgical aspects (formation of oxide
inclusions, liquation and inherited component inhomogeneity) and thermo-mechanical
processes (cracking and residual stresses caused by strong thermal gradients and solid-
ification shrinkage). Control over these phenomena is required in order to optimise the
mechanical and functional performance of 3D-printable aluminium alloys and components
to attain high geometric fidelity of 3D-printed parts [7].

Technologically, the more complex printable aluminium alloys present a number of
advantages with respect to their traditional counterparts for niche applications where
longer production time per article is tolerable. Prototypes, single units or small batches of
miniature parts having complex geometry for use in fine mechanics applications, computer
components and gadget hardware and robotics currently represent a clear scope for SLM
technology evolution [8].

Additive manufacturing technologies can find application when specific combinations
of properties are sought, such as for miniature heat exchangers of least mass or volume
when both high strength and thermal conductivity are required. The performance indices
to be minimised, according to Ashby [9], are aji-)\ and Uy%\, respectively, where p is density,
0y is yield strength and A is the thermal conductivity.

Traditionally, components such as heat exchangers are fabricated of 1XXX, 3XXX
(Al-Mn) or 6XXX (Al-Mg-5i) series alloys. On the other hand, new aluminium alloys pur-
posefully optimised for 3D printing possess both higher strength (compared to traditional
AlSi Mg alloy used in 3D printing) and improved thermal properties. Though aluminium-
based materials are generally expected to have high thermal conductivity [10], favourable
to produce various parts for heat exchangers, 3D-printable AlSijoMg alloy manifests mod-
erate heat conductivity. Moreover, 6XXX alloys possess rather high strength and acceptable
thermal conductivity, as shown in Figure 1, but alloys such as 6061 are prone to cracking
during the printing process [11], prompting researchers to seek new alloy formulations to
adopt for AM processes. The composition of the 3D-printable RS-333 alloy from the Al-Mg-Si
family considered in this paper was tuned by design to improve castability and thereby to
provide a substitute for 6061 aluminium alloy in heat exchange applications.

Aluminum, commercial punty, 1-0

10% 3
1 & Aluminum, 3103, O
1 f Aluminum, 6016, O
4
1 Aluminum, 6063, O

Aluminum, * Aduminum, 3004, O

a - commercial purnity, Aluminm, 6009, O
o = 1L % Aluminum, 6010, 0
v = s )
- = 10 | Aluminum, 3105,0
s - ; : :";n; Alurminiim, 6061, T4
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wi = EE
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WS EE i ' ;
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Figure 1. Comparison of some materials used in heat exchanging applications. Chart and data from
CES EduPack 2019, Granta Design Limited, Cambridge, UK, 2019 [12].
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Mechanical microscopy methods that couple optical and/or electron microscopy with
mechanical testing and advanced digital image analysis have been rapidly developing
in recent decades [13-17]. These methods are particularly suitable for in situ mechanical
testing of near-net-shape miniature and thin parts inside an SEM chamber, since the
deformation and fracture behaviour can be visualised and studied at high resolution,
readily applicable to digital image correlation (DIC) analysis to reveal the peculiarities
of deformation at the micrometre scale. Moreover, SLM 3D-printing of miniature fine
mechanics parts having slim cross-sections occurs under the cooling and solidification
conditions that differ from those for conventional engineering parts.

We report our findings in a systematic study of the micro-mechanical behaviour of
tensile samples made from 3D-printable alloy RS-333. The acquisition of high-resolution
SEM images was synchronised with in situ tensile testing of dog bone samples 3D-printed
in different relative orientations of the laser scanning and growth directions with respect
to the sample shape. DIC analysis was used to map the strain distribution and thus to
trace the localisation of strain in the vicinity of the major crack. The interpretation of the
experimental findings suggests a correlation between the duration of the effective cooling
period for elementary added material volumes, on the one hand, and the mechanical
performance on the other.

2. Materials and Methods

The powder of RS-333 (Al-35i-0.5Mg) alloy was supplied by “Valcom-PM” Ltd. (Vol-
gograd, Russia). The powder was produced by a nitrogen atomisation method. Particle
size varied in the range of 20-63 um with D50 = 42 um according to the data from laser
particle size analysis performed with ANALYSETTE 22 Nano Tec (Fritsch, Idar-Oberstein,
Germany). The SEM appearance of the R5-333 powder is presented in Figure 2.

Figure 2. SEM images of RS-333 powders: (a) general view and (b) single particle microstructure.

A well-known challenge in SLM concerns 3D-printing of highly reflective aluminium
alloy powders that possess inherent reflectivity of up to 90% in the IR range at ~1-pm
wavelength. This was successfully overcome by the feedstock supplier using proprietary
methods of powder surface modification (roughening) to allow this additive manufacturing
technology to be applied at industrial scale.

The 3D-printing SLM process (powder bed fusion) was carried out using an EOS
M290 SLM printer (Germany) equipped with a 400-W Yb fibre laser unit with a wavelength
of 1075 nm. Argon of high purity was used during printing to avoid oxidation of the

3
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powder and the melt. Scanning speed used was 800 mm/s at the laser power of 370 W.
Layer thickness was set to 30 um. A post-printing heat treatment (aging) at 160 °C for 12 h
to release residual stress and to promote precipitation hardening was applied to all printed
samples. All samples were printed using “core” parameters without special skin exposure
for further surface treatment.

In this research, ASTM E8 standard was used for sample geometry. Flat dog bone
specimens having thickness of ca. 1 mm and gauge length of 10 mm were printed in a
layer-by-layer process. Sets of at least 3 samples of each different orientation of main
gauge axis with respect to the fast (X) and slow (Y) laser scanning directions and the
growth axis (Z), as shown in Figure 3, were fabricated to study the influence of printing
orientation on the mechanical response under tension. In our notation, the first character
corresponds to the axis aligned with gauge length, the second to the axis aligned with
gauge width. Supports used during printing were mechanically machined off to obtain
samples of nominal dimensions.

26
205

| -

1.040.0125

15

i

Figure 3. Test samples (a) of varying orientation during printing process, X-Y, X-Z and Z-X, shown from front to back,
and (b) the nominal sample shape and dimensions.

Microstructure studies were performed after grinding and polishing using Struers
laboratory equipment of as-printed sample cross-sections with no additional chemical
etching. Optical microscope Zeiss Axio Observer 7 and scanning electron microscope
Tescan MIRA 3 LMH (Tescan Company, Brno, Czech Republic) were applied to quantify
residual pores and visualise internal fine structure, respectively. As a rule, the analysis of
10 fields of cross-sections in Z direction was carried out for porosity assessment.

In situ mechanical testing was facilitated through the use of a Deben Microtest 1-kN
testing stage placed in the chamber of a Tescan Vega 3 SEM (Tescan Company, Brno,
Czech Republic). The testing stage was operated under control of a Python code [18]
to synchronise the mechanical loading (conducted at a permanent crosshead speed of
0.2 mm/min) with the acquisition of SEM images, as illustrated in Figure 4.
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Figure 4. Appearance of 3D-printed specimens (left) and principal layout of experimental setup for in situ SEM study of

mechanical response (right).

SEM images were acquired at the rate of 22 s per image in the secondary electron
regime using 30 kV voltage and beam spot size of 400 nm. Videos S1-5S6 of the specimen
deformation and fracture process can be found in the Supplementary Materials.

Digital image correlation analysis with the use of open-source Matlab-based software
Ncorr [19] was applied to the series of SEM images (up to ~40-50 images depending on the
dataset acquired till sample break) to map the distribution of displacement and strain with
subpixel resolution. The DIC algorithm compares two digital images (arrays containing
digitalised intensity values) aiming to find the best match between pixel subsets. After the
determination of the centre positions of corresponding pixel subsets, the displacement and
eventually strain fields are calculated.

The definition of regions of interest and pattern quality (density of distinguishable sur-
face features) affects both robustness and computing time in DIC analysis being performed
with help of Ncorr. As seen in Figure 5, the pattern quality was satisfactory in terms of
contrast and surface feature density. In this paper, 80% of the gauge area was used for DIC
analysis, as illustrated in Figure 6.

Figure 5. Appearance of surface of 3D-printed RS-333 alloy with the indicated (yellow arrows)
surface features.
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Figure 6. Illustration of typical ROI (Region Of Interest) selection for captured SEM image.

An important issue of elongation calibration at loading curves needs to be addressed
when elastic moduli and true strains are sought to be derived from raw data acquired from
a testing stage such as the Deben Microtest 1 kN. Crosshead displacement data are returned
from a Linear Variable Differential Transformer (LVDT) sensor. Despite the high accuracy
of the LVDT sensor, several factors must be taken into account when loading curves
are analysed, namely (1) the effect of machine load frame compliance on the apparent
deformation, and (2) the non-uniformity of the plastic and total strain (rate) during tensile
deformation [20]. In the absence of suitable correction, the apparent deformation response
of each sample depends on the stiffness of the test machine used. There are several methods
of so-called specimen-machine coupling effect determination that allow the extraction of
true specimen deformation data from the test results. The most straightforward method is
the total deformation analysis method, in which the crosshead compliance correction for
the displacement values is performed using the following formulae:

Utotal = Usample + Umachine (1)

F
Usample = Utotal — Wmachine = Utotal — ﬁ/ 2)
machine

where

Usample 18 true sample displacement (mm);

Uyotar is the displacement measured during the test (mm);

F is the force measured during the test (N);

Knachine 18 load frame stiffness (N/mm);

1/kyachine is load frame compliance (mm/N).

In the present study, a special “stiff” Deben calibration specimen of SS316 steel with
cross-section of 300 mm? and hence negligible deformation under load was used to ob-
tain the calibration loading curve and derive k;,;cpine for the particular Deben Microtest
1-kN device.

On the other hand, DIC analysis is able to return strain maps in the region of interest
(ROI) as well as the average strain along the main axis at the gauge length. The example of
the selected ROI for each sample was similar in accordance with Figure 6. The longitudinal
strain averaged over the ROI was used to plot the corresponding loading curve depicted in
Figure 7.

In Figure 7, the data corrected for machine compliance in comparison with DIC
analysis results are illustrated for a typical sample. It is apparent that DIC analysis yields
the most reliable values of Young’s modulus, so that, hereinafter, true strains determined
by means of DIC analysis are used in the analysis.
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Figure 7. Illustration of sample stress—strain curves obtained from DIC analysis with the testing stage
data corrected to account for the testing rig frame compliance.

3. Results and Discussion
3.1. Microstructure Studies

Selected parameters of the powder bed fusion process applied for the designed RS-
333 powder result in the formation of a material structure with rather low porosity and
having no detectable internal hot cracks, which indicates good service characteristics.
Porosity calculated from the analysis of optical microscopy images as shown in Figure 8 is
as low as 0.3%, which is typical for 3D-printed aluminium alloys [21].

200 ym 200 pm

Figure 8. Representative images (a,b) of porosity within SLM RS-333 aluminium alloy parts taken in the X-Z sectional

plane orientation.

SEM images of the structure formed in RS-333 alloy samples as a result of SLM 3D-
printing and aging are represented in Figure 9. Si phase precipitates in the aluminium
matrix are mainly represented by the curved and dashed chains, and some smaller equiaxial
particles are also noticeable, suggesting that Si in RS-333 alloy is prone to some spheroidis-
ation at the aging temperature applied. The improvement in heat conductivity takes place
due to the decomposition of oversaturated solid solution. Aging temperature of 160 °C
is, however, insufficient to complete the spheroidisation, eventually giving an optimal
combination of high heat conductivity and mechanical performance.
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20 pm y S5 JE AR 10um

Figure 9. SEM images of RS-333 alloy microstructure following SLM printing and aging: (a) low and (b) high magnifications.

Surface appearance of an X-Z sample is represented in Figure 10, revealing relatively
large (200-400 um) and smooth clusters of molten material decorated with wrinkles and
rare cracks, as well as the inclusion of non-molten powder particles. The rest of the supports
are visible at the bottom edge of the gauge, where the clusters are apparently coarser and
appear to be more separated with voids than in the middle zone of the gauge. These
locations and support-free surfaces did not undergo stable continuous laser scanning and
powder fusion. In contrast, the metallographic examination of the specimens’ core (stable
laser scanning and powder fusion) revealed residual porosity only (Figure 8) and no traces
of unfused powder.

Figure 10. Surface appearance of X-Z sample with structure specification.

3.2. Mechanical Performance versus Sample Orientation

Mechanical performance is significantly affected by the growth orientation during
SLM 3D-printing, as illustrated by the data represented in Figure 11 and Table 1. This tech-
nology is intrinsically complex and affects the structure (and mechanical performance) at
hierarchically scaling—from sub-micrometre up to millimetre—dimensional levels, mak-
ing the interpretation and understanding especially challenging in terms of intensive
structure characterisation.
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Figure 11. The typical stress—strain curves obtained for different sample printing orientations with
the Young’s modulus also indicated.

Table 1. Mechanical performance of RS-333 alloy samples with different sample orientations.

Sample Young’s Modulus, Yield Strength Ultimate Tensile . . .
Orientation GPa at 0.2% Strain, MPa Strength, MPa Elongatlor}) at Path Time, s Layer Time, s
Rupture, %
X-Y 65.4 81 115 0.95 0.03 0.30
X-z1 70.0 132 227 1.36 0.03 0.10
Z-X 77.8 150 210 0.75 0.005 0.015

1_sample break takes place outside of gauge zone, i.e., in the rounded zone between gauge and clamp.

A conceptual model can be put forward to highlight the aspect of thermal history.
Cooling rate from melting temperature and peak temperatures at reheating from subse-
quent paths and layers in a certain material micro-volume play an important role in the
structure formation, including at least the following: (a) solid solution composition (and
Si oversaturation) after solidification; (b) ultimate grain size; (c) development of aging
processes—volume fraction and morphology of Si precipitates.

Taking into account that the area of the gauge cross-section directly depends on the
sample orientation, one can easily estimate the characteristic times needed to print a path
in plane (path time) and a layer (layer time) using the following formulae:

l
path
Tpath = ’ 3)
Uscan
Scs
Ty = 57— (4)
w dspot * Uscan

where Ty;;,—path time (s)

Tl —layer time (s);

lya—path length (along fast scanning direction) in gauge zone (mm);

Ssc—area of cross-section in gauge zone (mmz);

dspor—diameter of fusion zone (scaled with laser power) (mm);

Uscan—>scanning speed (mm/s).

The estimations listed in Table 1 were calculated for dspo; = 300 pm and vs¢q, = 800 mm/s
in this research. The cooling rate for a particular micro-volume correlates with its partic-
ular position inside the cross-section as well as the geometry and area of the solidified
cross-section, since both temperature gradient and the area of surrounding heat sinking
zone depend on the latter characteristics. More accurate calculations of cooling rates can

9
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be modelled with a multi-physics FE simulation [22], but for qualitative considerations,
cooling rate can be taken as a reverse function of path and layer time. Thus, the X-Y orien-
tation with the highest cooling rate and less frequent reheating events ultimately brings the
studied alloy to the structure state corresponding to solid solution heat treatment followed
by natural aging. The smallest grain size is also expected for this orientation.

In contrast, the Z-X sample orientation with the lowest cooling rate and frequent
reheating events tends to form the structure of an annealed (with obvious recrystallisation)
or overaged solid solution with coarse grains. The X-Z orientation was found to be
intermediate (and, perhaps, optimal) in terms of structure (solid solution heat treatment
and artificial aging) and mechanical performance.

On the other hand, phenomena of another nature, such as the generation of residual
stresses, chemical inhomogeneity and dimensional unevenness, are to be taken into account
as factors which may predominate over microstructural effects.

This conceptual modelling may satisfactorily explain the correlation between SLM 3D-
printing build orientation and mechanical performance attributes such as hardness, yield
and ultimate tensile strength and elongation at rupture. These properties are mainly domi-
nated by phase composition and structure morphology—grain size and orientation (tex-
ture). Few recent studies have been focused on the systematic analysis of aluminium [21],
nickel [23], titanium alloys [24] and stainless steel [25].

Variations in mechanical properties against build-printing orientations were observed
in many articles for different aluminium-based alloys prepared by the SLM technique [26].
For instance, Li X. [27], Ch S.R. [28] and Tang M. [29] investigated an AlSi;oMg alloy
and achieved the same results as in our study; namely, samples manufactured in the
vertical direction (Z-X) showed higher values of ultimate tensile strength than specimens
built in the horizontal direction (X-Y). However, there are other studies where samples
printed with equal conditions and composition demonstrated the inverse relation [30,31].
Moreover, this stochastic behaviour of mechanical characteristics was found during tensile
tests of samples with other alloy compositions such as AlSijg, A356 (AlSi;Mgp3) and A357
(AISi7Mg0.7) [27].

The issue of Young’s modulus is more challenging to understand for aluminium alloys
since these materials are almost elastically isotropic, so that the directional dependence
of stiffness cannot be explained by texture variation. However, it should be noted that,
similarly to our results, it has been shown that Young’s modulus varies significantly within
the range of 63-72 GPa for SLM 3D-printed AlSi;oMg alloy [31].

We believe that a strong variation in the elastic modulus for Al-Si-Mg is likely to be
related to the peculiarities of the spatial arrangement of precipitates and nanometre-sized
pores. However, detailed elucidation of these intricate relationships requires systematic
studies by means of high-resolution techniques such as EBSD and FIB tomography, which
are currently being performed by different research groups, including the present authors,
in order to elucidate the contribution of grain orientation and porosity to the elastic
behaviour of RS-333.

3.3. DIC Insight into Strain Distribution

It is demonstrated in Figures 12 and 13 and Figure A1 that DIC analysis mapping
reveals the inhomogeneous distribution of strains even at the earliest stage of tension when
a sample is macroscopically elastic. Strain distribution can be described as a wave with
a wavelength along longitudinal axes of approximately 2 mm, which may suggest the
influence of technological factors to be optimised for more strict quality control.
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Figure 12. Demonstration of 2D DIC processing technique, namely continuous strain localisa-
tion tracking.
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Figure 13. 3D DIC result representation with indicated strain wave-like distribution behaviour.

Localisation of strain in the vicinity of future cracks happens drastically and immedi-
ately before the break, which may be explained in stochastic terms, such as an inherited

11
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crack, a pore or overgrown grain or a non-metallic inclusion. In any case, almost no necking
was noticed, leaving the issue of survivability unresolved.

It is worth noting that some samples having X-Z built orientation showed that the
localisation of strains and further rupture occur in the rounded zone between the gauge
and clamp. In this zone, the transition from long gauge zone to short clamp zone takes
place at longitudinal laser scanning. There is a narrow zone where abrupt changes in path
length, layer time and cooling rate occur, causing the unevenness of the temperature field
and residual stresses at further overall cooling (temperature conditions are to be simulated
with computer modelling to quantify this effect). We suggest that the temperature and time
of post-processing annealing were not optimised for the release of these stresses. This gives
very useful guidance for good practice in SLM 3D-printing.

3.4. Fracture Surface Appearance

The appearance of the fracture surface in Figure 14 suggests that the RS-333 alloy
manifests some ductility during the initiation and growth of a crack. The crack line occurs
at an angle around 60 degrees to the longitudinal axis; however, smaller and larger angles
were also detected.

Reference Stage Final Stage

Figure 14. Appearance of fracture surface of an X-Z specimen.
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The fracture surface (Figure 14, from left to right) has relatively smooth zone with few
round pits, followed by a zone with elongated fringe features and finally a zone with coarse
pit features at the edge, where the rest of the supports were noticed (Figure 10). It can be
seen in Figure 12 that the crack is initiated from the flat edge zone opposite to the edge
with coarse clusters and the rest of the supports. It seems that the crack starts to grow in
accordance with ductile mechanisms (smooth zone) and terminates as a brittle crack (rough
zone with elongated fringe features) when substantial stress concentration is reached.
The initiation of a crack happens in the zone where sample growth ends and material
consolidation evolves, with no remelting and reheating. On the other hand, this zone has a
much firmer substrate (specimen body) than at the opposite stage, where only supports are
present. Deeper structural investigations are required to reliably identify the main physical
phenomena governing the fracture behaviour.

4. Conclusions

For dog bone specimens, SLM 3D-printed Al-Si-Mg alloy RS-333 reveals a significant
interrelation between the specimen orientation and mechanical tensile performance, hinting
at a practical approach for the optimisation of the overall performance of heat exchanger
articles. An X-Z specimen orientation shows the highest values of yield and ultimate
strength and elongation at break at a Young’s modulus of approximately 70 GPa. in situ
SEM studies of tension response and corresponding DIC analysis are particularly suitable
to highlight the peculiarities of mechanical behaviour, such as unevenness of strains and
their localisation in the vicinity of the ultimate crack. The complexity of the processes
(solidification at different cooling rates, frequency of reheating events, natural and artificial
aging) forming the final structure requires fundamental characterisation research to guide
the optimisation of overall performance in the most efficient way.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-708
0/9/1/21/s1, Videos S1-56: Fracture process videos of specimens with different printing orientations.

Author Contributions: Conceptualisation, D.R. and K.V.N.; methodology, K.V.N. and E.S.S.; soft-
ware, E.S.S.; validation, D.R., A.LS. and A.M.K.; formal analysis, E.S.S. and A LS.; investigation,
E.S.S.; resources, A.LS.; data curation, E.S.S.; writing—original draft preparation, D.R,, E.S.S., A.LS.,
and A.M.K,; writing—review and editing, E.S.S., A.LS., and A.M.K; visualisation, E.S.S.; supervision,
A.LS. and A M.K,; project administration, D.R.; funding acquisition, D.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available in the Supplemen-
tary Materials.

Acknowledgments: The authors thank Julia Malakhova for the sample preparation.

Conflicts of Interest: The authors declare no conflict of interest.

13



Technologies 2021, 9, 21

Appendix A

3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.50e-01
1.00e-01
5.00e-02
0.00e+00

During Tension

~ e ]
'Fractured State

Figure Al. 2D strain distributions along loading axis for samples with different printing orientations: (left) X-Y and
(right) Z-X.

References

1.  Louvis, E; Fox, P; Sutcliffe, C.J. Selective laser melting of aluminium components. |. Mater. Process. Technol. 2011, 211, 275-284.
[CrossRef]

2. Thijs, L.; Kempen, K.; Kruth, J.P.; Van Humbeeck, J. Fine-structured aluminium products with controllable texture by selective
laser melting of pre-alloyed AlSijgMg powder. Acta Mater. 2013, 61, 1809-1819. [CrossRef]

3. Olakanmi, E.O.; Cochrane, R.F,; Dalgarno, K.W. A review on selective laser sintering/melting (SLS/SLM) of aluminium alloy
powders: Processing, microstructure, and properties. Prog. Mater. Sci. 2015, 74, 401-477. [CrossRef]

4. Martin, ].H.; Yahata, B.D.; Hundley, ]. M.; Mayer, J.A.; Schaedler, T.A.; Pollock, T.M. 3D printing of high-strength aluminium
alloys. Nature 2017, 549, 365-369. [CrossRef]

5. Aboulkhair, N.T.; Everitt, N.M.; Ashcroft, I.; Tuck, C. Reducing porosity in AlSijgMg parts processed by selective laser melting.
Addit. Manuf. 2014, 1, 77-86. [CrossRef]

6. Read, N.; Wang, W.; Essa, K.; Attallah, M.M. Selective laser melting of AlSi;y)Mg alloy: Process optimisation and mechanical
properties development. Mater. Des. 2015, 65, 417-424. [CrossRef]

7. Imonelli, M.; Aboulkhair, N.; Rasa, M.; East, M.; Tuck, C.; Wildman, R.; Salomons, O.; Hague, R. Towards digital metal additive
manufacturing via high-temperature drop-on-demand jetting. Addit. Manuf. 2019, 30. [CrossRef]

8.  Salimon, A.; Brechet, Y.; Ashby, M.E; Greer, A.L. Selection of applications for a material. Adv. Eng. Mater. 2004, 6, 249-265.
[CrossRef]

9. Ashby, M.E. Materials Selection in Mechanical Design, 4th ed.; Butterworth-Heinemann: Oxford, UK, 2010; p. 640.

10. Klemens, P.G.; Williams, R.K. Thermal conductivity of metals and alloys. Int. Met. Rev. 1986, 31, 197-215. [CrossRef]

11. Senthamarai, C.K. IOP Conferences Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2020; p. 988.

12.  CES EduPack Software; Granta Design Limited: Cambridge, UK, 2019; Available online: https://www.ansys.com/products/
materials (accessed on 10 February 2021).

13.  Hanon, M.M.; Marczis, R.; Zsidai, L. Anisotropy Evaluation of Different Raster Directions, Spatial Orientations, and Fill Percentage

of 3D Printed PETG Tensile Test Specimens. Key Eng. Mater. 2019, 821, 167-173. [CrossRef]

14



Technologies 2021, 9, 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sui, T,; Salvati, E.; Zhang, H.; Nyaza, K.; Senatov, ES.; Salimon, A.IL; Korsunsky, A.M. Probing the complex thermo-mechanical
properties of a 3D-printed polylactide-hydroxyapatite composite using in situ synchrotron X-ray scattering. J. Adv. Res. 2018,
16, 113-122. [CrossRef]

Statnik, E.S.; Salimon, A I; Korsunsky, A.M. On the application of digital optical microscopy in the study of materials structure
and deformation. Mater. Today: Proc. 2020, 33, 1917-1923. [CrossRef]

Statnik, E.S.; Dragu, C.; Besnard, C.; Lunt, A.J.G.; Salimon, A.I.; Maksimkin, A.; Korsunsky, A.M. Multi-Scale Digital Image
Correlation Analysis of In Situ Deformation of Open-Cell Porous Ultra-High Molecular Weight Polyethylene Foam. Polymers
2020, 12, 2607. [CrossRef]

Statnik, E.S.; Ignatyev, S.D.; Stepashkin, A.A.; Salimon, A.I; Chukov, D.; Kaloshkin, S.D.; Korsunsky, A.M. The Analysis of
Micro-Scale Deformation and Fracture of Carbonized Elastomer-Based Composites by In Situ SEM. Molecules 2021, 26, 587.
[CrossRef] [PubMed]

Blaber, J.; Adair, B.; Antoniou, A. Ncorr: Open-source 2D Digital Image Correlation Matlab software. Exp. Mech. 2015, 55, 1105-1122.
[CrossRef]

Holbrook, J.A.; Swearengen, ].C.; Rohde, R.W. Specimen-test machine coupling and its implications for plastic-deformation
models. ASTM Int. 1982, 80-101. [CrossRef]

Nesma, T.; Aboulkhair, M.S.; Parry, L.; Ashcroft, I.; Tuck, C.; Hague, R. 3D printing of Aluminium alloys: Additive Manufacturing
of Aluminium alloys using selective laser melting. Prog. Mater. Sci. 2019, 106. [CrossRef]

Fernandez-Zelaia, P; Kirka, M.M.; Dryepondt, S.N.; Gussev, M.N. Crystallographic texture control in electron beam additive
manufacturing via conductive manipulation. Mater. Des. 2020, 195. [CrossRef]

De Jager, B.; Zhang, B.; Song, X.; Papadaki, C.; Zhang, H.; Brandt, L.R.; Salvati, E.; Sui, T.; Korsunsky, M.A. Texture and Mi-
crostructure Analysis of IN718 Nickel Superalloy Samples Additively Manufactured by Selective Laser Melting. In Proceedings of
the International MultiConference of Engineers and Computer Scientists 2017 Vol II, IMECS 2017, Hong Kong, 15-17 March 2017.
Zhang, D.; Qiu, D.; Gibson, M.A.; Zheng, Y.; Fraser, H.L.; StJohn, D.H.; Easton, M.A. Additive manufacturing of ultrafine-grained
high-strength titanium alloys. Nature 2019, 576, 91-95. [CrossRef]

Murr, L.E. A Metallographic Review of 3D Printing/Additive Manufacturing of Metal and Alloy Products and Components. Met.
Microstruct. Anal. 2018, 7, 103-132. [CrossRef]

Ponnusamy, P; Rashid, R.A.R.; Masood, S.H.; Ruan, D.; Palanisamy, S. Mechanical Properties of SLM-Printed Aluminium Alloys:
A Review. Materials 2020, 13, 4301. [CrossRef] [PubMed]

Li, X.; Ni, J.; Zhu, Q.; Su, H.; Cui, J.; Zhang, Y.; Li, J. Structure and Mechanical Properties of the AlSi;oMg Alloy Samples
Manufactured by Selective Laser Melting. IOP Conf. Ser. Mater. Sci. Eng. 2017, 269, 12081. [CrossRef]

Ch, S.R.; Raja, A.; Nadig, P; Jayaganthan, R.; Vasa, N. Influence of working environment and built orientation on the tensile
properties of selective laser melted AlSi;gMg alloy. Mater. Sci. Eng. A 2019, 750, 141-151. [CrossRef]

Tang, M.; Pistorius, P.C. Anisotropic mechanical behavior of AlSijyMg parts produced by selective laser melting. JOM 2017,
69, 516-522. [CrossRef]

Rosenthal, I.; Stern, A.; Frage, N. Microstructure and mechanical properties of AlSijoMg parts produced by the laser beam
additive manufacturing (AM) technology. Met. Microstruct. Anal. 2014, 3, 448-453. [CrossRef]

Rosenthal, I; Stern, A.; Frage, N. Strain rate sensitivity and fracture mechanism of AlSi;gMg parts produced by selective laser
melting. Mater. Sci. Eng. A 2017, 682, 509-517. [CrossRef]

Awd, M,; Stern, F.; Kampmann, A.; Kotzem, D.; Tenkamp, J.; Walther, F. Microstructural Characterization of the Anisotropy and
Cyclic Deformation Behavior of Selective Laser Melted AlSi;pMg Structures. Metals 2018, 8, 825. [CrossRef]

15






gill fechnologies

Article

Infill Designs for 3D-Printed Shape-Memory Objects

Daniel Koske and Andrea Ehrmann *

Citation: Koske, D.; Ehrmann, A.
Infill Designs for 3D-Printed
Shape-Memory Objects. Technologies
2021, 9, 29. https://doi.org/
10.3390/technologies9020029

Academic Editor: Roberto Bernasconi

Received: 27 March 2021
Accepted: 13 April 2021
Published: 16 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Engineering and Mathematics, Bielefeld University of Applied Sciences, 33619 Bielefeld, Germany;
daniel. koske@fh-bielefeld.de
* Correspondence: andrea.ehrmann@fh-bielefeld.de

Abstract: Shape-memory polymers (SMPs) can be deformed, cooled down, keeping their new shape
for a long time, and recovered into their original shape after being heated above the glass or melting
temperature again. Some SMPs, such as poly(lactic acid) (PLA), can be 3D printed, enabling a
combination of 3D-printed shapes and 2D-printed, 3D-deformed ones. While deformation at high
temperatures can be used, e.g., to fit orthoses to patients, SMPs used in protective equipment,
bumpers, etc., are deformed at low temperatures, possibly causing irreversible breaks. Here, we
compare different typical infill patterns, offered by common slicing software, with self-designed infill
structures. Three-point bending tests were performed until maximum deflection as well as until the
maximum force was reached, and then the samples were recovered in a warm water bath and tested
again. The results show a severe influence of the infill pattern as well as the printing orientation on
the amount of broken bonds and thus the mechanical properties after up to ten test/recovery cycles.

Keywords: poly(lactic acid) (PLA); shape-memory polymer (SMP); fused deposition modeling
(FDM); 3D printing; infill pattern

1. Introduction

Shape-memory polymers (SMPs) can recover their initial shape after deformations,
triggered by an external stimulus, which is, in many cases, heat [1]. These properties are
highly interesting for research and development and led to the development of many new
polymers and polymer blends showing a shape-memory effect [2]. Typical applications
can be found in spacecraft, biomedicine or smart textiles [3-5], with SMPs having different
shapes such as bulk materials, films or foams [6-8].

Another possibility to create objects from SMPs is offered by 3D printing, e.g., stere-
olithography of fused deposition modeling (FDM) [9]. One of the materials most often
used in 3D printing, poly(lactic acid) (PLA), shows such shape-memory properties [10]. It
has, however, the disadvantage that it can only be elongated by ~10% until it breaks [11].
This leads to the question of how to avoid breaks by sophisticated constructions of samples.

Langford et al. used origami-inspired structures for this purpose and found that
especially herringbone tessellated tubes could be strongly compressed and recovered
afterwards, making them usable for biomedical scaffolds [12]. A simpler origami structure
was suggested by Mehrpouva et al., who printed a flat structure foldable into a pyramid at
higher temperatures [13].

More common structures were investigated by different groups, e.g., honeycomb, 3D
honeycomb or gyroid structures, which are typical infill patterns, offered by many slicer
programs [14-17]. Here, however, the general problem occurred that recovery after cold
deformation was never perfect, with recovery ratios clearly below 100% due to undesired
broken bonds.

Here, we perform three-point bending tests on test samples with different infill pat-
terns, partly chosen from those offered by the slicer software, partly self-developed. Our
results show that not only the infill pattern but also the printing orientation has a significant
impact on the recovery properties and lead to suggestions on how to improve recovery
after cold deformation.
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2. Materials and Methods

The samples used in this study were printed using a MEGA-S FDM 3D printer (ANY-
CUBIC; Shenzhen Anycubic Technology Co., Ltd., Shenzhen, China). With a nozzle
diameter of 0.4 mm, a layer thickness of 0.2 mm was selected for the first layer and 0.12 mm
for the other layers. The printing temperature was set at 200 °C and the heating bed
temperature was set at 60 °C constant.

The test specimens made of PLA (GIANTARM PLA filament 1.75 mm, silver; no addi-
tives included to increase crystallinity [18]) were designed and printed with dimensions of
120 mm x 15 mm x 6 mm according to polymer test specimens (ISO 20753:2018). In order
to investigate the influence of the filling pattern alone, no wall contours were printed, so
the entire specimens were deflected only on the filling pattern and the lower and upper
support plates of 1 mm each. The main dimensions were kept for the three-point bending
test, and only the internal structure was changed.

The following support patterns and infill densities were applied to the specimens
(Table 1): pattern line with 100% infill and 80% printing speed (LN100); pattern gyroid with
15% infill and 60% printing speed (GY15); pattern octet with 15% infill and 60% print speed
(OC15); and self-designed filling structures in the form of hollow cylinders with 100% infill
and 60% printing speed (ZHR100), a leaf spring construction (LP100) and a combination of
the two (EW100). Some of the samples (ZHR100, LP100 and EW100) were printed lying
flat on the printing bed as well as on the long edge. Table 1 shows all samples used here.

Table 1. Samples under examination in this study.

Sample Name

Main View Top View/Front View

LN100

GY15

OC15
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Table 1. Cont.

Sample Name

Main View Top View/Front View

ZHR100

LP100

EW100

These samples were examined by a three-point bending test, using a universal testing
machine (Kern & Sohn, Balingen-Frommern, Germany). Generally, a minimum of 4 spec-
imens for each sample were examined, three of which were bent until breaking or until
reaching the maximum deflection possible in the system. The fourth one was bent until the
previously measured point of maximum force was reached and then relaxed and recovered
in a water bath of (60 4 1) °C for 1 min, before it was cooled down in another water bath at
room temperature for 1 min. Since the aim of this investigation was avoiding broken areas,
not optimization of the recovery process, these values were kept unchanged [19]. This
temperature was chosen since amorphous PLA, as it typically is produced by 3D printing
without a following heat treatment, has a glass transition temperature around 56 °C [20,21]
which was verified in previous tests [22]. It should be mentioned that using filaments from
different producers, and even using a filament of different color from the same producer,
may lead to different results as most producers do not mention possible additives. In par-
ticular, so-called high-temperature PLA (HT-PLA) includes different additives to increase
crystallinity and, correspondingly, the glass transition temperature [18], enabling even
autoclaving at 121 °C without deformation of the sample [23].

For the optical examinations of the samples after the tests, a digital microscope,
Camcolms? (Velleman, Gavere, Belgium), was used.

3. Results and Discussion

Figure 1 depicts the three-point bending tests of the specimens shown in Table 1. For
the self-designed infill patterns, samples were printed lying on the flat side as well as on
the long edge.

As expected, the completely filled sample LN100 shows the highest maximum force.
For the possible deflection of ~17.5 mm, none of them broke.

The gyroid infill was found advantageous in another study working with cubes in
which a linear object was pressed till half of the original height [15-17]. Here, it shows, by
far, the lowest maximum force. The sudden drop in the force around 5-7 mm deflection,
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visible in Figure 1b, is correlated with a delamination inside the infill, fully separating the
top and bottom layers along one half of the respective specimen.

Sample OC15 shows a similar slope of the curve to LN100. Interestingly, the maximum
force is approximately half the value found for LN100, while the infill was only chosen
as 15%, showing that this infill performs better in relation to the sample mass than the
completely filled sample.
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Figure 1. Three-point bending tests of samples with different infill patterns: (a) LN100; (b) GY15; (c) OC15; (d) ZHR100
including one specimen printed on the long edge; (e) LP100 including one specimen printed on the long edge; and (f)
EW100 including one specimen printed on the long edge. Y-axis scales differ.

The samples with the first self-designed infill pattern, ZHR100, showed only a very
narrow maximum, indicating that this infill will not work very well in repeated tests where
deflection is planned to end at the point of maximum force. In all cases, the samples
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showed a nearly completely broken lower plate at the position of the bending line. Similar
effects are visible for samples LP100 and EW100.

Comparing the samples printed on the long edge, this has a slightly higher, but even
narrower, peak for ZHR100, making this sample even less suitable for recovery tests than
the original printing direction. For sample EW100, the opposite effect occurs. For sample
LP100, however, a completely different shape is visible. Here, a very broad maximum is
found, making this sample printed on the edge highly interesting for recovery tests. Due
to the width of this curve, tests can be performed for a broad range of deflections.

The corresponding microscopic images of the samples after the bending tests (always
specimen “a” in Figure 1) are shown in Figure 2.

(a) (b)

()

(8) (h)

Figure 2. Microscopic images taken after three-point bending tests of samples with different infill patterns: (a) LN100;
(b) GY15; (c) OC15; (d) ZHR100; (e) LP100; (f) EW100; (g) ZHR100 printed on the long edge; and (h) EW100 printed on the
long edge. Sample LP100, printed on the long edge, will be shown later.
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Sample LN100 (Figure 2a) shows a large area with stress whitening marks and, cor-
respondingly, has a large residual strain after maximum deformation. GY15 (Figure 2b),
oppositely, seems to have retained the original flat shape; however, in the right part of the
sample, there are disrupted connections visible, being part of the full separation in the
right half of the sample after the bending test. While samples OC15 (Figure 2c) and LP100
(Figure 2e) show residual deformations of the infill pattern, the other samples include
broken strands along the lower plate of the sample where the pressure was applied.

Figure 3 shows the results of recovery tests during 10 cycles per sample, performed
on the different specimens printed lying flat on the printing bed. Again, qualitative and

quantitative differences between the infill patterns are visible.
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Figure 3. Bending and recovery tests of samples with different infill patterns: (a) LN100; (b) GY15; (¢) OC15; (d) ZHR100;
(e) LP100; and (f) EW100. Y-axis scales differ. Bending was performed till the deflection at which maximum force occurred,
as measured in the previous tests.
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For samples LN100 and ZHR100, the reduction in the maximum force after the first
cycle is not much more pronounced than the consecutive reductions after the following
cycles. Apparently, these infill patterns are better suited for bumpers, etc., which are
normally damaged once or only a few times, as compared to the other samples showing a
strong deviation between the first and the following cycles. The gyroid pattern shows a
wave-like shape of the first force-deflection curve, similar to previous experiments with
this pattern [15-17], and a relatively strong deviation between the first and second cycles,
while the following cycles show relatively similar forces at identical deflections. However,
none of the curves are smooth, which can be attributed to breaks of small connections
occurring again and again.

The strongest deviations between the first and the second cycle are visible for sample
LP100, while EW100 is nearly fully broken after 10 cycles, indicated by the very low forces
measured at maximum deflection.

The corresponding microscopic images, taken after 10 bending and recovery cycles,
are depicted in Figure 4. While all these samples show a slight residual strain, broken
bonds are only visible in the lower part of EW100 (Figure 4f), indicating that the residual
strain is correlated with changes in the material rather than with broken structures.

(a) | (b)

(e) ()

Figure 4. Microscopic images taken after 10 cycles of three-point bending and recovery tests of samples with different infill
patterns: (a) LN100; (b) GY15; (c) OC15; (d) ZHR100; (e) LP100; and (f) EW100.
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Next, Figure 5 shows the same tests, performed on sample LP100, printed on the edge.
As mentioned before, due to the broad force maximum, different maximum deflections

were chosen.
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Figure 5. Bending and recovery tests of sample LP100, printed on the long edge, with different maximum deflections:
(a) 5 mm; (b) 10 mm; (c) 15 mm; (d) 20 mm; and (e) 17.5 mm.

In all cases, the force differences between the first and the second curve are relatively
large. In addition, the slopes of the curves differ not only for different cycles but also
depending on the maximum deflection chosen. On the other hand, especially for the
samples tested with a maximum deflection of 20 mm (Figure 5d), the forces reached at
maximum deflection are quite similar for cycles 2-10, making this infill especially suitable

for repeated deformations.
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The corresponding microscopic images, taken after 10 bending and recovery tests
each, are depicted in Figure 6. As expected, larger maximum deformations lead to larger
residual strain. It should be mentioned that the full break visible in Figure 6c as well as the
stress whitening observable in Figure 6d,e occurred usually after the first test cycle, after
which no strong deviations were observed anymore, corresponding to Figure 5 showing
that the largest force decrease occurs after the first cycle.

(a) (b)

(c) (d)

Figure 6. Microscopic images taken after 10 cycles of three-point bending and recovery tests of sample LP100, printed on
the long edge, with different maximum deflections: (a) 5 mm; (b) 10 mm; (c) 15 mm; (d) 20 mm; and (e) 17.5 mm.

At the same time, these images suggest a possible optimization by varying the distance
between the upper and lower halves of the leaf spring in the middle of the sample.

To compare the aforementioned residual strain quantitatively, Figure 7 depicts this
value for all recovery tests shown here.
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Figure 7. Residual strain of (a) samples printed flat; (b) sample LP100, printed on the edge, tested with different maximum
deflections between 5 and 27.5 mm. Y-axis scales differ.

Amongst the samples printed flat on the printing bed (Figure 7a), EW100 shows
the largest residual strain after 10 test cycles. For the infill patterns ZHR100 and OC15,
the residual strain is firstly negative, meaning that the recovery process slightly over-
compensates the deformation in the first three-point bending tests. This behavior was also
found in previous tests, depending on the orientation of the impact [15-17].

For samples LP100, printed on the edge (Figure 4b), a clear correlation between the
maximum deflection and residual strain is visible. Correspondingly, for the partly quite
large deformation, residual strain values are reached which are much higher than those of
the samples printed flat on the printing bed which were less bent.

Comparing these results with literature values is not easy since the test setups vary
broadly. In many cases, researchers aim at the so-called 4D printing, meaning that defor-
mation occurs above the glass transition temperature so that breaking of the samples is not
to be expected [13,24-27]. Here, typically, recovery ratios near 100% are reached, if they are
investigated at all; in many cases, one deformation is used to reach the desired final state.

In previous experiments of our group, cubes printed with different infill patterns
and infill ratios were cold deformed along a linear impact area [15-17]. Here, the strong
impact (with a depth of half the cube height) resulted generally in broken bonds which
weakened the structure in subsequent test cycles. Similar to samples ZHR100 and OC15
(Figure 7a), a negative residual deformation was found in some cases, depending on the
orientation of the applied pressure with respect to the printing orientation and thus to the
infill pattern [17].

Senatov et al. compared pure PLA with PLA blended with hydroxyapatite (HA)
to gain a certain self-healing effect by narrowing cracks after cold deformation. They
found a shape recovery of 96-98% for the first cycle; however, delamination of the PLA
sample already after the second cycle and of the PLA/HA sample after the third cycle,
using porous structures, occurred [28]. Oppositely, here, most samples could be deformed
without delamination or full break for the first ten test cycles. Nevertheless, it must be
mentioned that the pressure was applied in a different way in Senatov’s study, making it
again hard to compare with our results. In another study, Senatov et al. found decreasing
recovery stress values with increasing numbers of warm deformation (above the glass
transition temperature) and recovery cycles, with PLA samples breaking after three cycles
in this case, while PLA/HA samples could be recovered after warm deformation for a
minimum of 10 cycles [29].

In the literature, three-point bending tests of PLA at low temperatures followed
by recovery above the glass transition temperature are scarce. Liu et al. programmed
samples from PLA and SiC/C/PLA into bent shapes or stretched them at a temperature
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of 90 °C and measured recovery at the same temperature, finding approximately 100%
shape recovery [30]. Similarly, Dong et al. deformed three-point bending samples of PLA
and PLA-grafted cellulose nanofibers above their glass transition temperature and found
no difference between the recovery rates of these materials [31]. Liu et al. investigated a
special textile-inspired structure in three-point bending tests; however, recovery tests were
again performed after bending at higher temperatures [32].

As these examples show, research on the recovery of PLA after cold deformation is
scarce and should be further extended to enable production of safety clothing, bumpers,
etc., with shape recovery properties.

4. Conclusions

Three-point bending test samples were 3D printed from the shape-memory polymer
PLA. Different infill patterns were chosen, some of which are typically given by common
slicing software, while others were self-designed. For the latter, samples were printed
lying flat on the printing bed or placed on the long edge. Besides testing samples up to
maximum deflection, the specimens were subjected to a deflection until the maximum
force was reached, recovered in a warm water bath, tested again, etc.

While the completely filled sample showed a smooth slope of the force—deflection
curves and similar force reductions after each recovery cycle, samples with a gyroid or
octet infill showed a stronger force reduction from the first to the second cycle, making
these patterns less suitable for situations in which only few damages are expected.

Amongst the self-designed infill patterns, the leaf spring construction printed on the
long edge showed, by far, the most interesting behavior. The very broad range of the
approximate maximum force makes it suitable for security objects, such as bumpers, and
allows recovery after different deflections. Here, nevertheless, it must be taken into account
that the residual strain is increased with increasing maximum deflection.

These experiments show the strong impact of such infill patterns and, in some cases,
of the printing orientations, suggesting further research to create structures with a similar
broad range of the approximate maximum force to that in the leaf spring pattern, but, in
addition, with a smaller residual strain, in order to make such structures technologically
better usable.

Another aspect which will be taken into account in a future study is the impact of
additives or fillers, as they are partly available in the so-called HT-PLA [23], and of a
heat post-treatment which may both increase crystallinity to a certain amount [22] and
thus not only the glass transition temperature but also the mechanical properties at room
temperature.

Since investigations of recovery after low-temperature deformation are scarcely found
in the literature, many more experiments are necessary to optimize structures and ma-
terials for 3D-printed SMPs for the potential use in bumpers, safety clothing and other
objects which are deformed accidentally and could be more sustainable if they were to be
recoverable at nearly 100%.
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Abstract: In the last few decades, the introduction of microrobotics has drastically changed the way
medicine will be approached in the future. The development of untethered steerable microdevices
able to operate in vivo inside the human body allows a high localization of the therapeutical action,
thus limiting invasiveness and possible medical complications. This approach results are particularly
useful in drug delivery, where it is highly beneficial to administer the drug of choice exclusively to the
target organ to avoid overdosage and side effects. In this context, drug releasing layers can be loaded
on magnetically moveable platforms that can be guided toward the target organ to perform highly
targeted release. In the present paper, we evaluate the possible application of alginate hydrogel layers
on moveable platforms manufactured by coupling additive manufacturing with wet metallization.
Such alginate layers are reticulated using three different physical crosslinkers: Ca, Zn or Mn. Their
effect on drug release kinetics and on device functionality is evaluated. In the case of alginate
reticulated using Mn, the strongly pH dependent behavior of the resulting hydrogel is evaluated as a
possible way to introduce a triggered release functionality on the devices.

Keywords: microrobots; 3D printed; drug delivery; hydrogels; alginate

1. Introduction

Since ancient times, humankind has discovered that specific substances, both available
in nature and synthetic, can be used to cure or even prevent a large number of pathologies.
Starting from a primordial knowledge based on herbalism and natural ingredients [1],
pharmacology has evolved in modern times into a systematic and technologically advanced
science. However, while the research on active principles has significantly progressed,
the quest for new administration routes has not proceeded in a comparable way. Even
nowadays, the majority of medical preparations follow pharmacokinetics still based on
poorly controllable distribution routes in the body. Enteral, intravenous and intramuscular
administration all rely on blood-mediated distribution of the drug, while transdermal
delivery relies on diffusion through the skin [2]. Indiscriminate transport in the whole
body translates into higher doses required to reach a therapeutic concentration in the target
organ, with possible dosage-related counterindications [3]. Moreover, non-optimal drug
usage may possibly induce drug resistance in the case of pathogens [4] or cancer cells [5].

Starting from these premises, it is evident that targeting drug delivery is a matter
of major importance in modern pharmacology [6,7]. In the last few decades, a wealth
of smart delivery approaches has been proposed at the laboratory scale: liposomes [8,9],
polymeric thin layers [10], DNA nanostructures [11], dendrimers [12], micelles [13] and
biocompatible nanoparticles [14-16]. All these approaches partially addressed the problem
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of temporal control over release, but did not significantly address the problem of carrying
the drug directly in correspondence of the target organ. One of the most promising
approaches to carry out this task is to load the drug-bearing material on remotely guided
microrobots able to navigate the body in vivo and reach the target organ [17,18]. Such
devices have been developed in the last few years and their potential efficiency for targeted
drug administration has been widely demonstrated [19,20]. Biomedical microrobots are,
in the vast majority of the cases, actuated by applying controlled, non-invasive magnetic
fields [21]. They can be manufactured in a wide dimensional range, from millimeters [22,23]
to a few micrometers [24,25], according to the characteristic dimensions of the target organ
(e.g., centimeters for the gastrointestinal apparatus or micrometers for some blood vessels).

From the fabrication point of view, magnetically guidable microdevices can be con-
veniently fabricated using many different techniques. The most interesting, in terms of
customizability and flexibility, is probably 3D printing [26]. Drug releasing devices can be
printed directly using a drug loadable soft polymer [25,27,28] or using rigid materials that
are subsequently coated with drug-releasing polymers [23,29]. In both cases, hydrogels
are between the most interesting materials usable [30]. These natural macromolecules
are well-known for their biocompatibility, efficiency in drug loading and ease of man-
ufacturing. Furthermore, they can be opportunely functionalized to release drugs only
in well-specified conditions (of pH, temperature, etc.) [31]. In this context, we recently
demonstrated that untethered microdevices can be fabricated by coupling 3D printing with
wet metallization [22] and that the same technique can be used to realize hydrogel-coated
microrobots for controlled drug release [32].

In the present work, we explored the effect of biocompatible crosslinkers alternative to
calcium chloride on the drug release properties of alginate layers coated on 3D-printed un-
tethered microdevices. Following the research trend recently started by our group [22,23,33],
we employed 3D printing in the form of stereolithography to efficiently manufacture minia-
turized moveable platforms that we subsequently coated with different functional metallic
layers. In detail, microrobots were coated with CoNiP to allow magnetic actuation and
with gold to provide a biocompatible surface. The moveable platforms obtained in this way
were then coated with alginate hydrogels crosslinked with either ZnCl, or MnCl,. These
two selected alternative crosslinkers have recently been investigated by Da Silva et al. [34],
who did not verify their drug release properties. Consequently, the first aim of the present
work is to verify the applicability of alginate layers on shape-optimized moveable platforms
and to evidence differences in drug delivery properties. The second main aim of the work
is to investigate alternative methodologies to trigger release from alginate exploiting pH
variations. In our previous paper [32], we functionalized alginate hydrogels by introducing
a pH cleavable bond that allowed drug release only in a well-defined pH range. By doing
this, we were able to trigger drug release according to the pH of the environment crossed
by the device. The main drawback of the approach is represented by the necessity to carry
out a chemical synthesis, which can potentially damage the molecule loaded and must be
specifically designed for each drug. Da Silva et al. evidenced that Mn-reticulated alginate
mechanically degraded at low pH. This particularity was employed to implement a pH-
governed instantaneous release functionality on the microdevices. From the applicative
point of view, microdevices carrying pH-sensitive hydrogels can find potential application
in the gastrointestinal tract, which is characterized by significant pH variations [35].

2. Experimental Methods
2.1. Microdevices 3D Printing

The miniaturized devices employed in the present work were 3D-printed and metal-
lized following our previous work [33]. Concisely, the geometry of the devices was initially
optimized and their 3D model was designed using Solidworks (Dassault Systémes, France).
The geometry was optimized for stereolithography using Nauta+ (DWS, Thiene, Italy) and
the 3D model was sliced with Fictor (DWS, Thiene, Italy). Micro-stereolithography was
carried out using a model 028 ] Plus setup (DWS, Thiene, Italy) and the resulting prints
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were post-cured by exposition to UV radiation for 30 min. The 028 J Plus setup comprises
a galvanometer control and a laser able to yield a power of 30 mW at a wavelength of
405 nm, with a beam spot diameter of 22 pm.

2.2. Microdevices Metallization

A detailed description of the metallization process can be retrieved in our previous
work [33]. Briefly, the printed devices were removed from printing supports and coated
with a first layer of copper to make their surface conductive. Subsequently, they were
coated with CoNiP exploiting a barrel-like metallization approach. At the end of the CoNiP
metallization step, the procedure was varied with respect to the cited literature reference.
In place of Cu and Ag/TiO,, the samples were coated (always via barrel-like plating) with
a gold layer from electrolytic deposition in a cyanide-free electrolyte (S5G-Au 340 bath
from SG Galvanobedarf GmbH). The following parameters were employed: 5 mA /cm?,
moderate stirring, 50 °C. At the end of the gold plating step, the samples were thoroughly
washed with deionized water and dried with nitrogen.

2.3. Hydrogel Application

To apply the hydrogel layers on the devices, the latter were dipped sequentially into
the polymer aqueous solutions and then in the physical crosslinker in order to deposit
the layers (Figure S7). With the goal of obtaining a homogeneous coating of the device,
a custom-made structure (Figure S8) was utilized. The device was suspended to a very thin
nylon wire, preventing it from touching any part of the beakers containing the solutions.
Initially, the device was immersed into a 2% m /v pure sodium alginate solution (step a
in Figure S7). This step was performed inside an ultrasonic bath in order to favor the
penetration of the alginate in the scaffold. Then, the device was removed from the alginate
solution and immersed into a second solution containing the physical cross-linker (step b
in Figure S7). Following the work by Da Silva et al. [34], three physical crosslinkers were
employed: MnCl, (1% w/v in DI), ZnCl, (1% w/v in DI) and CaCl, (1% w/v in DI).

2.4. Microdevices Characterization

SEM was performed by means of a Zeiss EVO 50 setup, suitably equipped with an
Oxford Instruments Model 7060 EDS module. The magnetic properties of the devices were
determined using of a Princeton Measurement Corp. MicroMag 3900 vibrating sample
magnetometer (VSM). The roughness of the deposited gold layer was evaluated using a
UBM Microfocus laser profilometer.

2.5. In Vitro Drug Delivery

Drug release was investigated in simulated physiological conditions: at 37 °C and
5% COy, in a phosphate-buffered saline solution (PBS, pH 7.4). In detail, each device was
placed in excess of PBS (2.5 mL) and aliquots were collected at defined time points, replacing
them with an equal volume of fresh solution in order to preserve the diffusion regime
between the device and the release environment. Percentages of released Rhodamine B
(RhB) were then measured by UV spectroscopy at 570 nm.

2.6. Magnetic Actuation

Devices were remotely actuated employing the Octomag magnetic manipulation
setup [36]. Microrobots were permanently magnetized along the direction perpendicular
to their axis by placing them on a strong NdFeB magnet. Then, a rotating magnetic field
characterized by varying intensity and frequency (t) was applied thanks to the Octomag.
Uncoated and hydrogel-coated devices were actuated inside a water-filled glass basin to
avoid hydrogel desiccation. Their motion was tracked and their speed determined using
the software Tracker.
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3. Results and Discussion
3.1. Shape Optimization and 3D Printing

Recently, we described the use of magnetically moveable scaffold-like architectures
to support and transport pH-sensitive hydrogels [32]. The choice of using a scaffold-like
design was motivated by the capability of a porous structure to host a good quantity of
hydrogel inside its pores. Retrospectively, however, more optimized shapes were evaluated
to increase the quantity of hydrogel loaded. The inspiration for a more suitable design was
taken from the so-called honey dipper (Figure S1), a common household device normally
employed to dose highly viscous fluids (e.g., honey). The particular shape of this tool,
characterized by the presence of different parallel plates, is optimized to efficiently retain
the fluid in which it is immersed. Since the alginate solution is a viscous fluid prior to
gelation, the same concept can be transferred to the design of untethered microdevices.
Millimetric honey dippers, characterized by the dimensions detailed in Figure S2, were
designed and printed using stereolithography. In analogy with our previous work [32],
dimensional features were kept in the few mm to hundreds pm dimensional range. This is
a consequence of the potential use of the devices in the gastrointestinal apparatus, whose
tracts present characteristic dimensions compatible with these microdevices. A typical
batch of devices was composed of 10 to 15 units and it was successfully printed in a roughly
30 min timespan. Devices were printed exploiting small supports connected to individual
printing bases (Figure 1a). At the end of the 3D printing step, devices were removed from
the supports using a cutter (Figure 1b).

. D/2 &
b}

d/2

Figure 1. Visual appearance of an as printed device before (a) and after (b) printing supports removal;
SEM images of an as printed device observed at 100 X (c) and 1000 X (d); visual comparison between
the experimental and theoretical section of a device (e).
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As-printed devices were characterized from the morphological and dimensional point
of view. Figure 1c is a low-magnification SEM image, in which the general structure of the
devices is clearly visible. As expectable from a micrometric SLA printing, the edges are
considerably rounded due to the comparatively large laser beam size (22 um). By increasing
the magnification (Figure 1d), the microstructure of the SLA resin is evident. In particular,
it presents a relatively rough surface due to the presence of a silica/aluminate filler inside.
The latter is clearly visible in the form of spherical particles by further increasing the
magnification (Figure S3).

To evaluate dimensional conformity to the original 3D model, devices were sectioned
and inglobated inside an epoxy resin. The surface was then polished, yielding the result
visible in Figure S4. The profile of the section was then extracted and superimposed to
the theoretical one (Figure le). In general, the experimental profile is relatively adherent
to the 3D model. The comparison, however, confirms the edge rounding observed at the
SEM and allows to quantify the deviation from the ideality (Table S1). Large features
present experimental dimensions relatively adherent to the corresponding theoretical
values (98.9% for L, 95.8% for D and 84.6% for d). The largest deviations from the ideality
were observed on the stacked disks that constitute the body of the device, which are also
the smallest features of the design and present the most challenging printing conditions.
In detail, the mean thickness of the disks (b) is only 61.3% of the theoretical value, while
the distance between them (a) is 140.5% of the theoretical value. Both these dimensions
also present a remarkable variability.

3.2. Devices Metallization

After printing, the devices were metallized. Unlike our previous paper on hydrogel-
coated microdevices [32], the different metallic layers were not entirely applied by means
of electroless deposition. Electrolytic deposition was used instead, following another
previous paper published by our group [33]. By doing this, metallic layers characterized
by more controllable properties and thickness were deposited. The first layer, due to the
non-conductive nature of the SLA resin, was obligatorily applied by means of electroless
deposition. Consequently, 400 nm of Cu were applied via immersion for 15 min in a
formaldehyde-free copper electroless bath. Then, once the surface was conductive, the
barrel-plating approach was employed to apply CoNiP and gold from electrolytic plating.
This technology, which takes inspiration from the industrial practice used to coat small
objects and is extensively described in our previous publication [33], allows electrolytic
deposition without directly contacting each device. In turn, they are placed inside an
electrified metallic basket and plated all together, exploiting the labile electrical connection
between the devices and the walls of the basket (Figure 2a). A total of 5 um of CoNiP,
whose ferromagnetic properties were exploited to make the devices actuable via magnetic
fields, were deposited on the microrobots in 160 min.

With regard to the barrel plating approach, we observed in our previous work [33]
that the non-ideal contact between the devices and the basket requires the introduction
of a correction coefficient (named 1) in the standard well-known Faraday law Equation
(1). The relationship describes the amount of material deposited with respect to the total
charge used.

m= oy 0

m is the total mass reduced, M is the molar mass, g is the total charge, Z is the valence
of the ions reduced, F is the Faraday constant, 7 is the cathodic efficiency of the reaction.
1, as previously stated, is an apparent efficiency of the barrel process, which must be deter-
mined by comparing the amount of metal deposited in the barrel and the corresponding
amount plated in analogous conditions on a standard planar surface with ideal electrical
connection to the generator. # and i for CoNiP deposition were determined previously [33]
and they resulted equal to 0.42 and 0.25, respectively. In other words, only 10.5% of the
current in the barrel is used to actually plate CoNiP on the devices. However, this apparent
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disadvantage of the barrel-plating approach is counterbalanced by the possibility to plate
layers on small objects using electrolytic deposition and without leaving uncoated areas
due to electrical contacting.

Figure 2. Visual appearance of the barrel setup used to metallize the devices (a); visual appearance
of a Cu/CoNiP/Au coated device (b); SEM images of a metallized device observed at 1000 X (c) and
20,000 X (d).

At the end of the CoNiP plating step, the microdevices were coated with a 4-pm thick
gold top layer to make the surface biocompatible and to avoid corrosion. Such a layer
was again deposited using the barrel approach in a non-cyanide gold-plating bath. With
respect to the galvanic displacement methodology previously employed to apply gold [22],
electrolytic deposition allows to deposit thick layers (in the few pm range). Increasing the
gold thickness renders the devices more resistant to corrosion, thus increasing the number
of reuse cycles. Barrel gold deposition was carried out here for the first time and, for this
reason, 77 and ¢ were determined. # of the deposition process was evaluated depositing
gold on a planar copper substrate and the result was equal to 0.57. i was evaluated by
weighing the devices before and after deposition in the barrel, considering the cathodic
efficiency previously calculated and comparing the result with the mass deposited on
the planar copper sample. The correction coefficient ¢ resulted equal to 0.28. Gold was
deposited for 220 min to obtain the thickness required.
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The final visual appearance of a gold-coated device is visible in Figure 2b. The surface
appears uniformly covered with gold, as further certified by the SEM analysis (Figure 2c,d
and Figure S5) and by the EDS characterization (Figure S6). As expected, the application of
a metallic layer on the surface of the devices increased the roughness of the surface from
191 + 23 nm (R, for the surface of the uncoated resin) to 356 + 55 nm (R, for the surface
Cu/CoNiP/Au coated devices). SEM analysis evidenced a nodular morphology on the
surface of the devices, which was a result of the electrolytic deposition process employed
for their metallization.

3.3. Hydrogels Application

At the end of the metallization process, microdevices were coated with alginate and
the effect of the three different physical cross-linkers was examined. Considering the
results obtained in different papers [37], the concentration of sodium alginate was fixed at
2% w/v in distilled water. Too high alginate concentrations lead to stiff hydrogels, which
show higher rigidity but lower swelling abilities, thus compromising the drug loading
capacity and its utilization inside the human body. Furthermore, the solutions with higher
concentration are too viscous with a very long time of complete dissolution, and do not
facilitate the deposition of the hydrogel on the device. Indeed, by increasing the alginate
concentration, there are more polar groups (-COO-) interacting with divalent ions of the
cross-linker agent, increasing the cross-linking density [38]. The crosslinking process keeps
the chains closer to each other, increasing the mechanical properties of the devices but
reducing their water and drug uptake. Lower concentrations produce, instead, a hydrogel
with an excessive swelling degree, thus decreasing the adhesion to the substrate, increasing
the volume and having inconsistent shapes with the magnetic actuation. Therefore, the
final choice resulted from a balance between the swelling degree and the adhesion and
consistency of the hydrogel over the scaffold.

In the present work, only the type of cross-linker was varied to evidence its effect on
release properties. In general, alginate has the ability to form a 3D hydrogel network when
in contact with divalent cations (such as Ca2*, Fe?*, Mn?*, BaZ*, Sr2*). Here, in analogy
with Da Silva et al. [34], three different biocompatible cross-linker agents have been tested:
MnCl,, ZnCl, and CaCl,. The relative stoichiometry of the crosslinker was kept constant at
a value of 1% w/v, which has been reported in many works as optimal from the swelling,
uniformity and stability point of view [34,37,38]. Indeed, hydrogels should remain attached
over the scaffolds, without collapsing, with a thickness as uniform as possible, and they
must permit a good uptake of water to guarantee a sufficient loading of drug molecules.
Low cross-linker concentration means a lower diffusion gradient that leads to low rates and
low degrees of crosslinking. This implies a very high swelling degree, excessive volume
and poor homogeneity. On the contrary, excessive cross-linking can reduce the soft nature
of the system needed for applications with living tissue. Lastly, higher concentrations of
the crosslinking agent favor its diffusion among alginate chains and determine a faster
crosslinking process.

Devices were suspended to a thin wire and sequentially immersed in the alginate so-
lution and then in the crosslinking solution (Figure S7). To sustain the wire, a self-designed
holder (Figure S8) was employed. In line with our previous work [32], the total thickness
of the hydrogel layer could be increased by repeating the coating sequence. However, as
evidenced in Figure 3a—d for the Ca* reticulated alginate, the application of more than one
layer progressively altered the shape of the devices. With one layer (Figure 3a) and two lay-
ers (Figure 3b), the shape of the devices remained relatively cylindrical. At three (Figure 3c)
and four (Figure 3d) layers, the final shapes of the devices were strongly rounded by the
surface tension of the non-reticulated hydrogel. The ellipsoidal shape resulting from more
than two coating sequences could potentially interfere with device actuation, which was
designed for cylindrical-shaped devices. For this reason, the number of hydrogel layers
was limited to a maximum of two, ideally one. With this consideration, it is fundamental
to load the highest possible amount of hydrogel to maximize the amount of loadable drug.
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The shape of the device has a strong influence on this aspect, as demonstrated by calcu-
lating the weight difference between uncoated and single layer coated devices. Hydrogel
uncoated devices were characterized by a weight of 31.46 + 1.78 mg. Considering Ca" as
a crosslinker, the final weight of the loaded hydrogel was 31.5 + 5.5 mg. This translated
into a 100.13% increase of the weight after coating. If compared with the increase registered
in our previous work [32] with porous microdevices (80%), this value demonstrates that
the honey dipper design is able to optimize hydrogel loading after a single coating step.
Besides the device shape, the crosslinker employed also influenced the final loaded weight.
Indeed, Figure 3e depicts the weight increase recorded in the case of alginate applied on
the microdevices and reticulated with Ca, Zn and Mn. A clear influence of the reticu-
lating agent can be observed, with Mn allowing the lowest amount of loaded hydrogel
(14 £ 0.5 mg).

2]

Coated mass (mg)

n

Figure 3. Visual appearance of devices coated with Ca-reticulated hydrogel after one (a), two (b),
three (c) and four (d) coating cycles; amount of applied hydrogel after a single coating cycle as a
function of the physical crosslinker employed (e); schematic representation of two alginate chain
crosslinked with either Ca or Mn (f).

From the results obtained by Da Silva et al., it was possible to see that the hydrogel
prepared with Mn?* had a higher swelling degree if compared to those prepared with
Zn?* or Ca®*. As the three cross-linkers have the same valence (**), the swelling variation
can only be attributed to the different size of the ions—0.067, 0.074 and 0.100 nm for
Mn, Zn and Ca, respectively. Ions with a larger radius have a higher interaction with
the groups -COO- of sodium alginate, thus generating chains with higher entanglement
(Figure 3f). The stronger interactions of the larger ions with the polymeric chain may be
related to the polarizability and London dispersion forces. Larger molecules, atoms or
ions usually exhibit higher London dispersion forces and are also more polarizable, thus
increasing ion-dipole interactions with the polymer chain. These interactions minimize the
elasticity of the polymeric chain, reducing its swelling degree. In addition, as is evident
from Figure 3f, larger ions occupy a larger space in the empty interstices among the polymer
chains (or pores), decreasing the virtual volume which could be occupied by water molecules.
Therefore, due to their size, calcium ions are more efficient (in the same volume) in the
polymeric chain entanglement, also providing more intermolecular interactions and limiting
the expansion of the polymeric chain [34]. On the contrary, Mn?* ions, due to the lowest
ionic radius compared to the others, present a weak interaction with the -COO- groups of
the alginate. This fact limits the effective crosslinking but improves the water absorption
rate. This leads to less rigid hydrogels with polymer chains relatively free to move.
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From these considerations, it can be inferred that for the affinity of the ions with -COO-
groups, the best crosslinkers, in order, are: Ca?* > Zn?* > Mn?*. From the experiments,
it was also noticed that the mass of hydrogel loaded over the scaffold seems dependent on
the type of crosslinker agent used. In particular, it also seems that the amount of gel loaded
on the scaffold follows the same scale of affinity. As shown in Figure 3e, Ca?* cations, with
the same procedure, allow to load more gel over the scaffold with respect to the two other
ions, all without losing good homogeneity and good stability properties.

Another aspect to take into consideration is the effect of pH on the swelling behavior.
In agreement with the results obtained by Da Silva et al. for the hydrogels crosslinked with
Mn?*, it does not seem possible to measure the water absorption at different pH levels
since the hydrogels dissolved during the first hours of the study. This result is interesting
because it shows that the physical interactions generated in the synthesis of the hydrogels
(using Mn?* as crosslinking agent) can be easily broken. This thermodynamic instability
was attributed to the competition between the H* ions of the swelling medium and the
Mn?* ions. In particular, the carboxylic groups responsible of the interactions with the
divalent ions Mn?* in the crosslinking process started to interact with the monovalent
cationic ions of the medium (Na*, H*), in the form of carboxylic acid or carboxylic acid
salt (—COOH, —COONa) groups, destroying the three-dimensional network. As to the
effect of pH on the hydrogels crosslinked with Zn?* or Ca®*, just a change in the swelling
behavior, instead of a complete dissolution, was verified. This is due to the interactions
of carboxylic groups with these two cations that are stronger and therefore only partially
altered by Na* or H* action.

3.4. Drug Release Performances

Considering the different swelling behavior observed by Da Silva et al. [34] for the
three different crosslinkers, an observable difference was also expected in the case of drug
release performances. RhB release was investigated and the behavior of the three hydrogels
was compared. Release studies were conducted at 37 °C and pH 7.4, with the results visible
in Figure 4a. The percentage of RhB released was defined as the ratio between the released
amount in the aqueous media and the total amount loaded within the polymeric layer.

It appears evident that, contrary to what expected, the three materials followed a
comparable trend, which led to an almost complete release of RhB after roughly two hours.
This is in accordance with the fact that RhB presents a very small hydrodynamic radius
and its release is not influenced by the different cross-linkers used. Information about
the kinetics of the release can be extracted from the data visible in Figure 4a if the same
are plotted against the time square root (Figure 4b). The initial linear part of the release
curve is indicative of Fickian diffusion and the y-axis intercept value is an indication of
burst release. The latter is relatively limited and took place when RhB-loaded devices
were placed in the releasing medium. After the initial fast release, the RhB loaded within
the three alginate hydrogels showed a marked linear trend only in the first 2 h. This
corresponds to a pure Fickian diffusion and is only driven by the concentration gradient.
Afterwards, the trend reached a plateau. Indeed, when the main release was completed,
the residual drug entrapped within the hydrogel network was slowly released.

The data obtained were used to estimate RhB diffusion coefficients. Operatively, the
release mechanism could be considered as a pure Fickian diffusion, the concentration
being driven through alginate. Under this assumption, the drug diffusion kinetic can be
described as a one-dimensional model of the second Fick law where the device geometry is a
cylinder and the material flux mainly takes place at the PBS/hydrogel surface. Equation (2)
showed these considerations, indicating r as the characteristic radius for the mass transport
phenomenon. The following mass balance equations are written considering the variation
of the mean drug concentration within the hydrogel (Cg) related to the volume of solution
(Vs), the mean drug concentration in the outer solution (Cg), the total volume (V), the drug
present inside the matrix (m¢) and the exchange interfacial surface (Sexc), which represents
the boundary surface between the device and the surrounding solution (which, simplifying,
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can here be considered as being only the side surface). According to these expressions,
the boundary conditions are defined describing the profile symmetry at the center of
the polymeric cylinder with respect to the radial axis of the cylinder—Equation (6)—
and the equivalence between the material diffusive fluxes at the PBS/hydrogel surface—

Equation (7).
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Figure 4. RhB release results obtained at 37 °C and pH 7.4 with different physical crosslinkers (a);
RhB release results obtained at 37 °C and pH 7.4 with different physical crosslinkers plotted against
time square root (b).
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This mathematical model allowed to estimate the diffusion coefficient (D) of RhB. The
Sherwood number obtained by means of penetration theory allowed the computation of
the mass transfer coefficient kc—Equation (8).

(8)
Table 1 resumes the results obtained.

Table 1. Diffusion coefficient of RhB in alginate hydrogels reticulated with different cross-linkers.

Title 1 Diffusivity [cm?/s]
Ca reticulated alginate 2.56 1074
Zn reticulated alginate 271074
Mn reticulated alginate 2.57107*

As expected from the data reported in Figure 4, the three diffusion coefficients are
comparable. This result confirms the limited effect induced by the difference in ionic size
of the three crosslinkers on the Rhb release.

Apparently, by considering the results obtained, the most advantageous crosslink-
ing agent for alginate is calcium. Indeed, devices can be loaded with a higher amount
of hydrogel, in front of a substantially similar release rate. However, the particular pH-
dependent behavior of alginate reticulated with Mn?* can be potentially exploited for
pH-triggered drug release. The idea, hereby suggested for the first time and qualitatively
demonstrated, is that a device coated with Mn?* reticulated alginate can almost instanta-
neously release all its drug load when it reaches an environment characterized by an acidic
pH (e.g., the stomach). Indeed, acid degradable polymers present interesting properties for
drug delivery [39,40]. Diffusion-driven discharge of a drug from a hydrogel is governed by
n-order release kinetics [41], which are in the vast majority of the cases desirable to achieve
sustained release. Degradable materials, however, are highly attractive when steep release
gradients must be provided (with almost instantaneous release of the drug) [42]. This is the
case for drugs that require high instantaneous concentrations to carry out their therapeutic
action. Considering a possible application for pH-triggered drug release, the remaining
experimentation presented in the paper was carried out on Mn-containing alginate devices.

3.5. Magnetic Actuation

Prior to functionality evaluation, the magnetic maneuverability of the devices was
evaluated. Samples coated with Mn-reticulated alginate were placed inside a water-
filled basin (to avoid hydrogel desiccation) and actuated, applying a rotating magnetic
field. The principle exploited to move the microrobots is the continuous application of
torque on the magnetic material present in the devices to generate a rolling motion. This
actuation route, employed also in our previous works [22,33], requires the presence of a
permanently magnetizable material. Consequently, an alloy like CoNiP (hard magnetic
at the composition employed) was selected. As visible in Figure S9, which depicts the
VSM performed on a single device, CoNiP presented a remanence in the order of 1124 Oe
(along the 0° direction) and 936 Oe (along the 90° direction). In the convention employed
for the VSM test, 0° refers to the direction parallel to the symmetry axis of the device, while
90° is the direction perpendicular to the same axis. These high remanence values are a
consequence of the composition of the alloy: 3.08% wt. P, 84.75% wt. Co and 12.24% wt. Ni.
Electrodeposited CoNiP layers presenting this composition are characterized by a typical
hexagonal close-packed (hcp) structure with a marked preferential orientation along the
(002), which justify the high level of coercivity and remanence achievable [43].

During rolling actuation, the permanent magnetization vector M introduced in the
device by placing it in contact with a permanent NdFeB magnet continuously aligns
itself (Figure 5a) with the external rotating field B. In this way, the device rotates around
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its symmetry axis (marked with a dashed black line in Figure 5a). The contact with a solid
surface generates a net forward motion on the device. If the orientation of the axis with B
rotates is varied, the direction of the motion can be adjusted and the device can be steered
(Figure 5a). Obviously, in analogy with a wheel, there is a direct dependency between the
rotation frequency of the magnetic field and the forward speed of the device. Under the
assumption of an ideal contact between the device and the substrate, the speed of the first
(v) correlates to the frequency (0) according to Equation (9).

v =2mrf 9)

r corresponds to the radius of the device (comprising the rigid part of the device and the
hydrogel layer deposited on top). Consequently, the speed/frequency relationship should
be linear at any frequency. As demonstrated in our previous paper [32], this is never true
for hydrogel-coated devices due to the presence of the hydrogel itself. Figure 5b reports
the results obtained by performing a linear actuation on a device at increasing frequency:.
The data clearly evidenced that the uncoated device almost perfectly followed a linear
behavior (evidenced by the fitting performed). The hydrogel-coated device, on the contrary,
deviated from the linearity at frequencies higher than 2 Hz. The linear fitting was, in this
case, limited to the 0 to 2 Hz range.

Frequency (Hz)

Figure 5. Schematic representation of the magnetic actuation principle employed for microrobots
actuation (a); speed vs. frequency relationship for uncoated and Mn alginate-coated microdevices (b);
linear actuation of a single Mn alginate-coated device (from (c—f)); remote guidance of a Mn alginate-
coated device to avoid metallic obstacles (from (g—j)).

Considering Equation (9), it appears evident that the slope of the fitted curves visible
in Figure 5b corresponds to 27tr. Consequently, the radius of the devices (resulting from
the sum between the radius of rigid platform and the radius of the hydrogel layer applied
on top) was easily extrapolated from the slope of the fitted curves. The result was equal
to 1.161 mm for the uncoated device and to 1.364 mm for the coated device. The value
obtained for the uncoated microrobot is in line with the theoretical one reported in Table S1
(1.1975 mm). The value obtained in the case of the coated device suggests that the thickness
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of the Mn-reticulated hydrogel layer was equal to 203 um. This value does not correspond
to the absolute value of thickness for the hydrogel coating. Inside the plates, for example,
this value was realistically different due to hydrogel accumulation. The value obtained
represents a mean hydrogel thickness in correspondence with the external radius of the
devices (on the parallel plates).

Figure 5¢c—f and Supporting Video S1 depict the linear actuation performed to obtain
the speed data at 0.5 Hz in Figure 5b. The linear correlation between elapsed time and
covered length was evidenced by showing four different frames acquired at increasing
times. Figure 5g—j and Supporting Video S2 report the result obtained by guiding a Mn-
reticulated alginate-coated device to avoid metallic obstacles placed inside the water-filled
basin. The device evidenced an excellent maneuverability at 0.5 Hz actuation frequency.

3.6. Targeted pH Dependent Release

To experimentally validate the basic concept of targeted pH-dependent delivery from
a qualitative point of view, two distinct tests were carried out. Initially, the capacity of
targeting drug delivery of the devices was tested. A Mn-reticulated alginate-coated device,
suitably loaded with RhB, was placed inside a basin and actuated. UV light was exploited
to evidence, thanks to RhB fluorescence at 345 nm, the presence of the drug on the walls
of the basin. The result obtained is presented in Figure 6a—f and in Supporting Video S3.
At the beginning of the test, the device moved towards the center of the basin along a
curved trajectory. Once it reached the center of the basin, the device was left there for a few
seconds to allow release. Then, the device was moved, always along a curved trajectory,
toward the lower corner of the basin. Besides the tracks left in the water, UV light evidenced
the presence of RhB adsorbed on the bottom of the basin in correspondence with the point
where the device stayed for a few seconds. This qualitative result suggests the idea that
these devices could be potentially guided in vivo inside the gastrointestinal tract, left in
contact with the inner parts of the organs to locally favor the absorption of a drug of choice.

Figure 6. Targeted drug delivery from a device (from (a—f)); Mn-reticulated hydrogel dissolution test
at pH 3 (from (g-1)).
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In the second test, visualized in Figure 6g-1 and in Supporting Video 5S4, a device
analogous to the one used for the previous test was immersed in water. As expected,
the microrobot immediately started releasing RhB according to a Fickian diffusion mecha-
nism. In these conditions, nearly total release of the drug potentially required almost two
hours (as visible in Figure 4a). To exponentially increase the release rate, thus allowing
immediate drug release, the pH of the water-filled basin was artificially lowered by adding
HCI. Specifically, the stomach environment was simulated, reaching pH 3 [44]. To obtain
this condition, a suitable quantity of HCl was added to the basin and rapidly mixed with a
pipette. Under these conditions, the device started to quickly release all the RhB contained
inside the alginate layer, which rapidly disintegrated in a few-minute timeframe.

Thanks to the low pH, the device expelled its RhB load almost immediately, with a
drug release not governed by diffusion in the hydrogel. Furthermore, hydrogel removal by
HCl allowed direct reuse of the device.

3.7. Possible Toxicity of Mn Reticulated Alginate

Possible dose-dependent Mn toxicity is a matter of major importance when evaluating
the potential use of Mn-reticulated alginate for drug delivery applications. In fact, when
the acidity mechanically degrades the alginate layer, all the Mn contained is immediately
released in the environment. Mn is an element required in small quantities by the human
body [45], but its excess may potentially result in a condition known as manganism. Mn is
normally obtained through dietary intake and is readily absorbed by the gastrointestinal
apparatus. O’'Neal et al. evidenced that the average daily intake for many Western diets is
between 2.3 and 8.8 mg [45]. Conversely, the WHO standard for drinking water is 400 ug/L
of Mn [45]. These values, which represent safe Mn consumption from food and drinking
water, can be compared with the mean amount of Mn released by a device when the alginate
layers dissolve. Each device is coated with 14 + 0.5 mg of Mn-reticulated hydrogel (data
from Figure 3). According to the supplier (Sigma Aldrich), the mean molecular weight of
the alginate employed (MW dyog.1) Was between 120 and 190 kDa (120 kDa was considered).
The total amount of Mn within every device can be obtained considering the number of
monomeric units present in 14 mg of the hydrogel layer. The percentage of polymer with
respect to water in these hydrogels is approximately 20% wt., so the number of monomers
is approximately 8 x 10'®. Taking into consideration the ratio between one atom of Mn
every two monomeric units of alginate, we can obtain the Mn amount, which is around
350 pg. This value is lower than the tolerable amount recommended by the WHO for a liter
of drinking water (400 pg). In front of these realistic considerations, the modest amount of
Mn released from a single device cannot be considered harmful for the human body.

4. Discussion

The experiments carried out in the present work expanded the possibilities for tar-
geted drug release from hydrogel layers loaded on magnetically moveable rigid platforms.
Initially, the hydrogel loading capability of the devices was optimized by introducing a
honey dipper design. This approach resulted in a 20% load increase with respect to our
previous design. Microdevices were successfully 3D printed via stereolithography and
wet metallized with a sequence of functional layers. The use of barrel plating allowed
to deposit thick metallic layers of CoNiP and Au without direct clamping of the single
device (which would have resulted in uncoated areas). After plating, the devices were
successfully coated with a controllable amount of alginate hydrogel. The type of crosslinker
employed for reticulation was found to have a remarkable influence on the amount of
hydrogel deposited on a single device, with Mn allowing the lowest amount of loaded
hydrogel. On the contrary, the three different reticulating agents evidenced a limited effect
on drug release performances. Mn alginate-coated devices were actuated applying external
rotating magnetic fields, evidencing a good control over speed and position. Even though
less advantageous in terms of loadable hydrogel amount, Mn-reticulated alginate was
characterized by an interesting property: the layer dissolved at low pH, immediately
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releasing all its drug load. The possible applicability of this property, which can potentially
be exploited to trigger an instantaneous release by mean of pH variation, was successfully
demonstrated. A single device bearing Mn-reticulated hydrogel was subjected to a con-
trolled pH variation simulating the gastric environment. The result obtained qualitatively
evidenced the possibility of pH-triggering an instantaneous release, characterized by steep
release rates and high instantaneous drug bioavailability. These features may be useful for
specific types of drugs that present high active concentrations. The results obtained suggest
the idea that hydrogels reticulated with ions alternative to the classically employed Ca can
be used to implement a pH-dependent release. They constitute a significant base for further
experiments, which are currently under evaluation. Specifically, Mn-reticulated layers
could be coupled with Ca-reticulated ones to tune the release. In addition, alternative
small-sized biocompatible ions (or mixtures of different ions) could be evaluated to tune
the pH sensitivity of the hydrogel layer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article /10
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S5: SEM image of a metallized device (10,000 X), Figure S6: EDS analysis of the surface depicted
in Figure S5, Figure S7: Hydrogel loading procedure, Figure S8: Sample holder, Figure S9: VSM of
an uncoated device, Supplementary Video S1, Supplementary Video S2, Supplementary Video S3,
Supplementary Video S4.
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Abstract: Introduction: In chest wall reconstruction, the main objectives are the restoration of
the chest wall integrity, function, and aesthetic, which is often achieved with the placement of
implants. We aimed to evaluate whether 3D printed models can be useful for preoperative planning
and surgical treatment in chest wall reconstruction to improve the outcome of the surgery and to
reduce the rate of complications. Methods: We conducted a systematic review of literature using
PubMed, Scopus, Embase, and Google Scholar databases until 8 November 2021 with the following
keywords: (“3D printing” or “rapid prototyping” or “three-dimensional printing” or “bioprinting”)
and (“chest wall” or “rib” or “sternum” or “ribcage” or “pectus excavatum”). Results were then
manually screened by two independent authors to select studies relevant to 3D printing application
in chest wall reconstruction. The primary outcome was morphological correction, and secondary
outcomes were changes in operating time and procedure-related complication rate. Results: Eight
articles were included in our review. Four studies were related to pectus excavatum correction,
two studies were related to rib fracture stabilization, and two studies were related to chest wall tumor
resection and reconstruction. Seven studies reported 3D printing of a thorax model or template
implants for preoperative planning and implant modeling, and one study reported 3D printing of a
PEEK prosthesis for direct implantation. Four studies reported comparison with a conventionally
treated control group, and three of them detected a shorter operative time in the 3D printing model-
assisted group. Satisfactory morphological correction was reported in all studies, and six studies
reported a good implant fitting with minimal need for intraoperative adjustments. There were
no major intraoperative or postoperative complications in any of the studies. Conclusions: The
use of 3D printing models in chest wall reconstruction seems to be helpful for the production of
personalized implants, reducing intraoperative adjustments. Results of morphological correction and
postoperative recovery after the 3D printing-assisted surgery were satisfactory in all studies with a
low rate of complication. Our literature review suggests good results regarding prosthesis fitting,
accuracy of surgical planning, and reduction in operative time in 3D printing-assisted procedures,
although more evidence is needed to prove this observation.

Keywords: 3D printing; chest wall; surgery
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1. Introduction

Chest wall reconstruction is required in different situations, such as traumatic injuries,
thoracic tumors, or chest wall malformations. The main objectives in reconstructing the
thoracic wall are restoring the chest wall integrity and rigidity, preserving the physiological
function of the thorax, and protecting internal organs, while pursuing a good aesthetic
result [1].

Conventional methods for chest wall reconstruction are represented by prosthetic
replacements using biologic (allografts and homografts), synthetic (methyl methacrylate,
PTFE, polypropylene), or metallic (titanium, stainless steel) meshes, bars, or plates, de-
pending on the pathology of interest [2].

The prosthesis fitting is crucial to achieve all of the mentioned objectives, and 3D
reconstruction based on CT images offers the possibility to accurately study the pathological
anatomy of the chest wall, thus allowing the procedure to be meticulously planned and the
prosthetic materials to be provided in advance [3]. The application of 3D reconstruction
is implemented in preexisting imaging techniques that are commonly used in chest wall
visualization. These are mostly CT, but also MRI and US, when appropriate in preoperative
study or postoperative evaluation of complications.

In the surgical field, 3D printing has been embraced as a tool for preoperative planning,
surgical simulation and training [4], patient education [5], and to produce templates or
molds for surgical implants [6,7] for 3D printing prosthesis and implants (especially in
orthopedic and maxillofacial surgery) [8] and in tissue engineering (3D bioprinting) [9].

Due to its recent development in the medical field, reports regarding the use of 3D
printing in thoracic surgery, and specifically in chest wall reconstruction, are still limited.
Nonetheless, many aspects of 3D printing-assisted procedures are of interest, including the
possibility to better understand the anatomy of complex situations, such as large thoracic
tumors, which often invade adjacent structures, thus making ita challenge for the surgeon
to perform a successful resection while needing to achieve R0 resection margins. Another
interesting application is the possibility to project custom-made implants, specifically built
on the anatomy of the patient, and to rehearse the procedure on a customized model.

Analyzing current evidence on this matter, we aimed to evaluate whether 3D printed
models could be useful for preoperative planning and surgical treatment in chest wall re-
construction to improve the outcome of the surgery and to reduce the rate of complications.

2. Materials and Methods
2.1. Search Strategy

We conducted a systematic review according to the PRISMA protocol [10] to assess the
current use of 3D printing in chest wall reconstruction. Four medical databases (PubMed,
Scopus, Embase, and Google Scholar, updated to 8 November 2021) were searched to collect
studies regarding the subject of interest using the following keywords: (“3D printing” or
“rapid prototyping” or “three-dimensional printing” or “bioprinting”) and (“chest wall”
or “rib” or “sternum” or “ribcage” or “pectus excavatum”). We conducted an additional
manual search of the bibliographies of the selected articles. The details of the database
search are reported in Table 1.

2.2. Selection Process

We included in our review: (I) papers published in English; (II) studies that reported
surgical application of 3D printing models for preoperative planning or surgical recon-
struction of the chest wall; (III) original research articles. The exclusion criteria were as
follows: (I) papers not published in English; (II) case reports, case series including fewer
than 5 patients, reviews, abstracts, meta-analyses, brief communications, editorials, and
letters; (III) papers based on the same study population, in which case we selected the most
recent article to avoid duplication.
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Table 1. Details of the database search.

Search Results
Database (8 November 2021) Keywords
(3D printing OR rapid prototyping OR three-dimensional
printing OR bioprinting) AND
Pubmed 143 ( chest wall OR rib OR sternum OR ribcage OR
pectus excavatum)
(3D printing” OR “rapid prototyping” OR
“three-dimensional printing” OR “bioprinting”) AND
Scopus 244 (“chest wall” OR “rib” OR “sternum” OR “ribcage” OR
“pectus excavatum”)
(8D printing OR rapid prototyping OR three-dimensional
Embase 182 printing OR bioprinting) AND ( chest wall OR rib OR
sternum OR ribcage OR pectus excavatum)
Google Scholar 139 (3D printing or three-dimensional printing) AND (chest
wall or rib or sternum or pectus excavatum)

Two independent reviewers (BL, AN) analyzed the search results, and proceeded to
inspect the articles’ titles and abstracts to exclude papers that were not related to the topic
of interest. Full text of the remaining articles was then evaluated to determine if they met
our inclusion/exclusion criteria. Disagreements were resolved through discussion with
two senior reviewers (AF, MS).

The primary outcome of our review was morphological correction, secondary out-
comes were changes in operating time and procedure-related complication rate.

2.3. Quality and Risk of Bias Assessment

The quality and risk of bias for each study was independently evaluated using the
Downs and Black assessment checklist [11] by two authors (BL, AN). Differences between
the two reviewers were solved through discussion with a third author (AF). The total score
for this 27-item checklist ranges from 0 to 28 points. We considered scores as follows: Ex-
cellent (24-28 points), Good (19-23 points), Fair (14-18), Poor (<14 points). The synthetized
result of the assessment is reported in Table 2, indicating an overall good methodological
quality of the considered studies.

Table 2. Quality assessment results (Downs and Black checklist).
Reportin External Internal Internal Valid- Power Total
Study (Max11y ~ Validity  Validity/Bias ity/Confounding (7€ (O
(Max 3) (Max 7) (Max 6)
Zhou et al. 10 3 5 3 0 21
Bellia Munzon et al. 10 3 5 3 1 22
Wang et al. (2020) 6 1 5 3 0 15
Wu et al. 11 3 5 3 0 22
Wang et al. (2019) 9 3 5 3 0 20
Huang et al. 11 3 5 3 1 23
Chen et al. 11 3 5 3 1 23
Gaspar Pérez et al. 10 3 5 3 0 21
3. Results

A total of 708 titles were identified via the search of the previously mentioned
databases, whereas no additional study of interest was found via a manual search of
the bibliographies of the selected studies (Figure 1). We subsequently excluded 299 papers
as duplicates.
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Ty 5a - o P R I
Records idantified from: Records removed bafore
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Scopus: (n = 244) " Duplicate records removed Citation searching (n=10)
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Reports sought for retrieval
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Cther (15)
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% Reports of incuded studies
= (n=8)
Figure 1. Flow chart of the study according to PRISMA guidelines.

Based on the titles and abstracts, the remaining 409 papers were evaluated, and 350
of these were excluded as the object was not related to the topic of our research. The
remaining 59 articles were analyzed through full-text examination by all authors, who
further excluded 51 studies. Finally, a total of eight papers were selected, which constitute
the subject of our systematic review.

The following data were extracted from the selected papers, as summarized in Table 3:
the authors, the year of publication, the country, the study design, the number of patients that
received a 3D printing assisted procedure, the application, the disease of interest, the study
limitations, the structure printed, the processing software, the 3D printer, the materials.

Table 3. Characteristics of the studies evaluated.
Authors, CT-Images
Yefar O.f Stu.d Y N . of Application Disease of Str1.1cture Processing 3D Printer Materials Limitations
Publication, Design Patients Interest Printed
Software
Country
Sureical MDT2AB- aneud 1 No conven-
plan%\ing 0104, E/Iegitogjl, tionally
Zhouetal. (7), P . Rib Ribcage Meditool . Photosensitive treated
. rospective 16 and . Medical )

2021, China . fractures model Medical resin control group
prosthetic Technology Technol- Small
modeling (Shanghai) o8y sample size

Sureical Erkom 3D
Bellia- plliﬁi icr?g Customized  Chest Wall Non
Munzon et al. (6) Prospective 130 and Pectus ex- implant Pro 1.0, ERKOM Polyvinyl controlled
2020, . cavatum bars Pampamed 3D acetate

A . prosthetic study nature

rgentina : template (Buenos

modeling .

Aires)
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Table 3. Cont.

AYES;(Z)rfS ’ Study N° of Disease of  Structure CT-Images
o . . Application . Processing 3D Printer Materials Limitations
Publication, Design Patients Interest Printed Software
Country
Surgical MEE)ZAAB- pangu4.1, N?igﬁgl‘l] e
planning . . L Meditool . Y
Zhouetal. (7), . Rib Ribcage Meditool . Photosensitive treated
. Prospective 16 and . Medical .

2021, China . fractures model Medical resin control group
prosthetic Technology Technol- Small
modeling (Shanghai) o8y sample size

Sureical Erkom 3D
Bellia- plangn icng Customized = Chest Wall Non
ML) ppeeive 10 and . Peteer il Pol0 O ERKOM T conpe
Ar, enti/na prosthetic template (Bupenos study nature
& modeling P Aires)
. 3D- No conven-
Surgical DOCTOR, tionally
Wang et al. (9) . planning Pectus ex- Ribcage Able Not Polylactic treated
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3.1. Study and Patient Characteristics

The eight studies included in our review were published between the year 2018 and

2021; six studies were from China, one was from Spain, and one was from Argentina. There
were five prospective studies and three retrospective studies. Four studies were related to
pectus excavatum correction, two to rib fracture stabilization, and two studies to chest wall
tumor resection and reconstruction.

only one study (Wang et al., 2019) it was also used for chest wall repair.
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3.2. Rib Fracture Fixation

Zhou et al. [12] treated 16 patients with high complex rib fractures (identified as
patients with one to three fractures in the 2nd to 4th ribs, with three fracture segments in
each fractured site, the middle fracture segment < 5 cm and presence of costal cartilage
fracture) with framework locking-plate internal fixation combined with 3D printing. A 3D
ribcage model based on 64-row spiral CT images was processed then imported into the 3D
printer to obtain a true-size photosensitive resin model of the fractured ribs. The model
was used to study the morphology of the fracture site, to select an appropriate incision
site, and to simulate the fracture reduction. Placement, direction, length, and number of
screws needed for fixation were planned and recorded based on the 3D printed rib model.
During the surgery, there was no need for intraoperative adjustments to the locking plate.
Follow-up at 5 to 10 months evaluated the recovery of the patients. A satisfactory chest wall
reconstruction was achieved in all cases, confirmed by chest RX or CT scans after surgery.

Chen et al. [13] retrospectively evaluated the data of 48 patients who underwent
surgical stabilization of rib fractures (SSRF). Patients were split into two groups based
on whether or not 3D printing was used (32 patients in the conventional SSRF group vs.
16 in the 3D assisted SSRF group). Before surgery, in the 3D printing-assisted group, a
3D reconstruction was created from CT images (1 mm slice thickness), then a 3D printed
model of the ribcage was produced in acrylonitrile butadiene styrene. Based on the
model, the titanium plates were bent and cut to fit the patient’s ribcage profile, and the
length and number of the screws was recorded. The incision site was planned according
to the 3D printed model. In comparison with the conventional SSRF group, the mean
operative time (175.24 vs. 125 min p = 0.003,) and the mean operative time per fixed plate
(52.99 vs. 35.41 min, p < 0.001) were significantly shorter in patients in the 3D printing SSRF
group. The incision length (14.19 vs. 8.71 cm, p = 0.002) and the wound length per fixed
rib (4.19 vs. 2.54 cm, p< 0.001) were significantly smaller in the 3D printing SSRF group.
There was no statistically significant difference in hospital stay, ICU stay, and postoperative
complications (empyema, broken plates, and wound infection happened in four patients in
the SSRF group) between the two groups.

3.3. Pectus Excavatum Repair

Bellia-Munzon et al. [14] prospectively collected data of 130 patients who underwent
minimally invasive repair of pectus excavatum (MIRPE) with the use of 3D printing. All
patients underwent a CT scan with 3D reconstruction (1 mm slice thickness). A flexed 3D
printed template of the implant bars was elaborated based on the CT images and clinical
information of the patient through specifically developed semiautomatic software that
considered the entry sites to the thorax, the curvature, and the anteroposterior pressure
to which the implant would be subjected. The 3D printed template was checked over
the patient’s chest surface in a fitting ambulatory session to make modifications to the
template if necessary. The number of implants was determined based on the processing
software recommendations and the anatomy of the sternum (particularly the percentage
of sternum that lay behind the anterior costal line) and the prevision was accurate in all
patients. The final metallic prebent implants were custom made in according to the 3D
printed template and manufactured in surgical steel or titanium. During the surgery the
implants were placed on the patient’s chest to determine the final location and direction,
then the implant tied to a tape was pulled back through a retrosternal tunnel. The removal
of implants was planned two-three years later. When the tip of the sternum ended up
between two bars resulting in undercorrection, the bars were placed in the crossed position
instead of parallel (13.8% of patients). The number of implants introduced was 337, ranging
from 1 to 4 per patient (2 or 3 bars in the majority of cases). Of the 130 patients, 120
(92.3%) had an optimal “implant-deformity” match not requiring any modifications; in
seven patients (5.4%) the implant needed minimal rebending(achieved without flipping
the bars); in two patients (1.5%) the implants were too short; and in one patient (0.8%)
with an extremely asymmetric chest the implant was removed and rebent intraoperatively.
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Comparing the operative time of patients with pectus excavatum treated in the same
hospital before the 3D printing model implementation (group A,) with the cohort described
in the study (group B), a significant reduction was observed (group A 125.4 + 30.7, vs.
group B 87.6 & 49.9 min; p < 0.0001), also considering the operative time adjusted to the
number of bars per operation (group A 78.1 +31.7, vs. group B 41.8 £ 14.7 min per
implant; p < 0.0001). The number of bars introduced was increased in the 3D printing
group (group A 1.7 & 0.6, vs. group B 2.6 & 0.5 implants per patient; p < 0.0001). There
were no intraoperative complications including bleeding. Postoperative complications
included two patients with pleural effusion prior to discharge.

Wang et al. [15] (2020) treated six patients with pectus excavatum with the non-
thoracoscopic extrapleural Nuss procedure. All patients received a 3D CT scan (1.25 mm
slice thickness), and the images were exported as DICOM files to the imaging software
to elaborate a 3D thoracic model. A flexible ribcage model was printed in polylactic acid.
The flexibility of the materials allowed simulation of the pectus excavatum correction, thus
predicting the repair efficacy. The thoracic model was used to study the dimensions of the
chest deformity, to plan the trajectory of the steel bars, and to find the optimal substernal
force point through simulation of the actual procedure. The repair efficacy was found to be
uniform between the prediction on the 3D printed model and the surgical procedure on
the patients.

Huang et al. [16] retrospectively analyzed data of 419 patients that underwent the
Nuss procedure and selected 357 patients between the traditional Nuss procedure (TN,
342 patients) and the 3D printing model-assisted Nuss procedure (3DPMAN, 15 patients).
In 3BDPMAN, a standard spiral CT of the thorax was used to generate a 3D-reconstructed
thorax model through a processing software. Custom-made template pectus bars and a
predicted postoperative 3D thorax model were produced through a computer-aided design
process. The template bars were 3D printed with polylactic acid, then metallic pectus bars
were manufactured according to a 3D template in the 3DPMAN group and according to a
metallic measuring tape in the TN group.

In the TN group, six patients (1.7%) experienced flipping of the metallic bars, two
patients experienced migration (0.56%), and two patients (0.56%) experienced dislocation
of the metallic bars. No patient experienced surgery-related complications or dislocation of
the bars in the 3DPMAN group. A shorter operative time was observed in the 3SDPMAN
group compared with the TN group (60.36 vs. 74.34 min, p < 0.001), fewer pectus bar
insertion (1.000 versus 1.360, p < 0.001), and better morphological correction (AHI: 20.34%
versus 10.06%, p < 0.001).

Gaspar Pérez et al. [17] prospectively collected data of six patients treated for pectus
excavatum with the 3D printed model-assisted Nuss procedure. A diagnostic CT scan was
performed in all patients (0.625 mm thickness). The number of bars needed for correction
and the appropriate intercostal space for insertion were established preoperatively based
on CT scan images and physical characteristics of the patients, then the CT images were
uploaded to the segmentation and design software to simulate the morphological repair
and establish the Nuss bar size and length. The simulated bar model and chest anatomical
model were 3D printed in polylactic acid, then the customized Nuss bar was reproduced
in titanium according to the 3D printed bar model. A single Nuss bar was introduced in all
cases, and the median operating time was 82 min. There was no need for intraoperative bar
replacement or removal, while a single patient experienced intraoperative complications
(4 mm distal transfixation perforation of the lingula, with self-limited bleeding and absence
of air leaks). No postoperative complications were observed in any patients. Correction
was defined as highly satisfactory in all patients.

3.4. Chest Wall Tumor Resection and Reconstruction

Wu et al. [18] reviewed data of six patients with thoracic wall tumors that underwent
a 3D printed assisted resection and reconstruction and 10 patients treated with the conven-
tional surgery. The patients in the 3D assisted group underwent thin-slice CT scan, then
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the DICOM images were imported into the processing software to elaborate a 3D model
of the chest wall tumor and adjacent structures. The 3D model, printed using a liquid
photosensitive resin, was used to plan the surgery, focusing on the 3D morphology, location,
and spatial relationships of the tumor. The titanium implant plate for reconstruction was
designed according to the surgical resection line drawn on the 3D printed model, to best fit
the thoracic wall defect. Follow-up was conducted at 15 and 90 days after the surgery. The
3D conformal titanium plates were in all cases completely consistent with chest wall defect
after tumor resection, even though the tumors of the six patients were different in size and
the volume was relatively large. In the 3D printing group, less intraoperative bleeding was
reported in relation to the conventional surgery group. No postoperative complications,
including plate displacement, were observed in the 3D = assisted group, and there were no
significant changes in respiratory function after the surgery (p < 0.05). In the conventional
surgery group, four patients had complications that consisted of infection and puncture
of the artery or skin by the titanium plate. Postoperative pain score was lower in the 3D
group. Recovery time was reported to be shortened in 3D group (1 week vs. 2 weeks).
Wang et al. [19] (2019) treated 18 patients that underwent wide resection of a chest wall
tumor using 3D printed polyetheretherketone (PEEK) implants. In eight cases the tumor
affected the sternum and in 10 cases the ribs. For all patients, a CT scan with slice thickness
at 0.90 mm was performed using a 64-detector CT scanner. The images were imported into
the processing software for surgical planning and to design 3D PEEK protheses of the ribs
or the sternum. The wide excision of the tumor resulted in a defect in the anterior chest
wall of at least 8 cm x 8 cm; the reconstruction followed the “sandwich technique”. The
mean duration of the surgery was 174 + 54 min, the mean blood loss was 297 + 235 mL.
No complications were observed in the 6 to 12 months after the operation. The respiratory
function was tested 1 week before the operation and 3 months after the operation, showing
a mean reduction in FVC of 0.39 £ 0.28 L (14.0% of the preoperative FVC value). The
postoperative FVC was reduced significantly in both ribs and sternum patients (p < 0.001),
whereas no significant difference was observed in postoperative MVV and FEV1/FVC.

4. Discussion

In preoperative planning, visualization of the anatomy and pathology of the patient is
essential for the surgeon. Compared with standard CT images, 3D reconstruction offers
the surgeon the possibility to examine and study the pathology in a more realistic way:.
Three-dimensional printed models place the 3D reconstruction directly into the surgeon’s
hands, opening a new phase in surgical planning and training.

The results of our review highlighted some potential benefits of the 3D printing
application in chest wall reconstruction. The realization of 3D thorax models contributes to
a better understanding of the anatomy of the chest wall defect, and therefore enables the
surgeon to plan the surgical steps in advance. An accurate selection of number, location,
and direction of implants was made before the operation in all the studies of our review,
with the aid of 3D reconstruction and with a 3D printed model of the thorax. Regarding
selection of the incision site, Chen et al. [13] and Zhou et al. [12] recorded in their studies
a smaller incision site in 3D printing-assisted surgery compared to conventional SSRF.
Surgical planning and rehearsal of the procedure can contribute to reducing operative time,
as stated by three studies [13,14,16] in our review that compared the 3D-assisted group
operating time with that of a conventionally treated control group.

Another interesting aspect is the possibility of manufacturing a custom-made well-
fitting prosthesis with minimal need for intraoperative adjustments [12,14-18], often
needed in conventional procedures of bar implant or plate insertion [20,21]. Intraoperative
adjustments of bars and plates can prolong the operative time and can cause scratching of
the implants’ surface, which may damage the surrounding tissues and favor adherences. A
3D printed template fitting directly on the patient and simulation of the procedure on the
thorax model allowed anticipation of the modifications needed to the implant.
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In all studies, no major intraoperative or postoperative complications were found in
the 3D printed-assisted surgeries. Wu et al. [18] observed less intraoperative bleeding in
the 3D-assisted group compared to the conventional group. The difference between preop-
erative and postoperative respiratory function was assessed by two studies [18,19] with
contrasting results. Wu et al. [18] found no significant difference, whereas Wang et al. [19]
observed a reduced FVC and no difference in postoperative MVV and FEV1/FVC.

Huang et al. [16] reported some cases of bars’ dislocation and flipping in the traditional
surgery group, compared to no cases in the 3D printing-assisted group. Referring to
morphological correction, only Huang et al. [16] used a quantitative method to evaluate
this outcome, detecting a better correction in patients treated with a 3D printing-assisted
technique in comparison to the conventional method, whereas all the other studies recorded
satisfactory morphological correction and good implant fitting but did not support this
data with a statistical comparison to conventional techniques. Recovery time was directly
addressed by Wu et al. [18], who noted a shorter recovery time in the 3D-assisted group
and a lower postoperative pain score; and by Zhou et al. [12], who reported a NRS score
of 4 or less, and consequently stopped analgesic drugs at 7 days post-procedure in the
majority of patients.

For the matter of direct prosthetic printing, Wang et al. [19] interestingly reported
the use of sternum and ribs prostheses that were 3D printed in PEEK as an alternative
to conventional titanium prostheses due to the physical properties of PEEK, which has a
low elastic modulus and similar flexural and tensile strength to the sternum and ribs, and
shorter manufacturing time [22,23]. It should be noted that there is not much evidence in
the literature regarding the direct implantation of 3D printed prostheses for thoracic wall
reconstruction, and the majority of the studies reporting such an application at present are
case reports, and were therefore not included in our review.

Production time is a known limitation in 3D printed model applications in surgery, and
this is also true of thoracic wall reconstruction. Particularly in emergency situations, such
as ribcage fractures associated with damage to the internal organs, time of intervention is
critical and the application of 3D printing, which requires at least 5 h for the production of
a thoracic model [13], may not be convenient. Conversely, in elective surgery it is possible
to schedule the surgical steps in advance and, even if the production time requires several
hours, the procedure can be performed without delay. Bellia-Munzon et al. [14] reported
1 working day to print the template and 3 working days for the manufacture of the final
metallic bars. Chen et al. [13] reported a minimum of 5-6 h to print the ribcage model.
Wang et al. [19] reported approximately 30 h to completely manufacture a PEEK implant.

Another limitation of the application of 3D printing to surgery is the cost, which
comprises the printer cost, the processing software cost, and the printing materials cost.
The 3D printing utilization cost may be counterbalanced by the shorter operative time [24]
and by the benefits that derive from the personalization of the implants, although there is
an open debate on this topic. Bellia-Munzon et al. [13] stated that the cost of the implants
projected with the assistance of 3D printing is not superior to that of conventional implants.
Huang et al. [15] observed that manufacturing a customized prebent bar based on CT
images would be more expensive than modeling the bar based on the 3D printing template,
and that the costs were further reduced by the fewer insertion of bars in the 3D printing-
assisted group.

The main limitation of our review is the reduced number of experimental studies on
the topic and the lack of prospective randomized studies. The recent development of 3D
printing applications in the surgery field and the fact that not all hospitals are equipped
with 3D printers can partly explain the reduced evidence on the subject.

Furthermore, only four of the eight studies presented a control group, which allows us
to perform a stronger evaluation of the differences between 3D printing-assisted techniques
and conventional techniques. The small sample size in most of the studies is also a crucial
limitation, which affects the variability of the data and leads to the risk of selection bias.
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5. Conclusions

The application of 3D printing models in chest wall reconstruction can be useful
for designing and manufacturing personalized implants, specifically designed on the
anatomy of the patient, and therefore reducing intraoperative adjustments. The results of
morphological correction and postoperative recovery after 3D printing-assisted surgery
were satisfactory in all studies, with a low rate of complications. Although our data point
towards a better outcome regarding prosthesis fitting, accuracy of surgical planning, and
reduction in operative time in 3D printing-assisted procedures, due to the limitations of
our study, more evidence is needed to prove the presented findings.
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Abstract: In this article, a method for the synthesis of catalysts for methanol electrooxidation based
on additive manufacturing and electroless metal deposition is presented. The research work was
divided into two parts. Firstly, coatings were obtained on a flat substrate made of light-hardening
resin dedicated to 3D printing. Copper was deposited by catalytic metallization. Then, the deposited
Cu coatings were modified by palladium through a galvanic displacement process. The catalytic
properties of the obtained coatings were analyzed in a solution of 0.1 M NaOH and 1 M methanol. The
influence of the deposition time of copper and palladium on the catalytic properties of the coatings
was investigated. Based on these results, the optimal parameters for the deposition were determined.
In the second part of the research work, 3D prints with a large specific surface were metallized. The
elements were covered with a copper layer and modified by palladium, then chronoamperometric
curves were determined. The application of the proposed method could allow for the production of
elements with good catalytic properties, complex geometry with a large specific surface area, small
volume and low weight.

Keywords: electroless metallization; catalysts; 3D printing

1. Introduction

Additive manufacturing is a technique that is increasingly used in new technolo-
gies [1-3]. The development of the digital revolution and 3D printing methods are chang-
ing the methods used for the production of functional objects. The use of 3D printing
techniques allows for a quick transition from a digital model to a physical object. This
ensures great flexibility in adapting a given geometry, as opposed to classical production
methods like machining or casting for metallic parts or injection molding for plastics [4].
The advantage of this technique is the possibility of producing elements from materials
such as plastic, metal or materials based on composites [5-7]. In addition, the modification
of elements produced by the 3D printing method is also carried out, for example by cover-
ing them with metallic coatings. Thanks to the listed advantages and many possibilities,
additive manufacturing has found many applications in many fields, for example in new
technologies, medicine [8], catalysis [9-11] and electrochemistry [12-17].

Direct methanol fuel cells (DMFCs) are a promising solution for the problems of
energy conversion. They are characterized by their small size, high energy conversion
efficiency, low working temperature and the availability of methanol as fuel [18]. However,
there are some limitations to introducing these cells into commercial markets. This is
related to the low efficiency of the anode reaction due to the slow kinetics of methanol
electrooxidation and the destruction of the electrode surfaces [19-21].

Good catalytic properties characterize noble metals such as Pt [22-24], Pd [25-27] and
Ag [28-30]. However, these metals are expensive, and this limits their application possibilities.
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Copper is not a very popular catalyst for the electrooxidation process due to its high
sensitivity and its reactivity towards oxygen. Nevertheless, there are research works
focused on the application of this metal or its alloys. The catalytic properties of other
metals, such as nickel [31], copper [32,33] and their alloys Ni-Cu [34,35] have been analyzed.
Catalysts synthesized with noble metals, e.g., Pd-Ni [36-39], Pt-Ni [22,40], Pd-Cu [26,41-43],
Pt-Cu [44-47], have also been tested.

In the literature, catalytic coatings have often been deposited on conductive substrates
such metals of graphite. Unfortunately, these materials often have a high density or they
are more challenging to manufacture, especially with high-precision techniques. One of
the solutions is the combination of additive manufacturing in terms of the possibility of
obtaining complex geometry inside an element and the process of electroless deposition
of metallic coatings [48]. In this paper, the results of research related to the synthesis of
Cu/Pd coatings by electroless deposition on a resin substrate dedicated to 3D printing
are presented. A novelty in this work is the development of electroless deposition on a
complex surface. In our previous work [49,50], metallic electroless coatings were obtained
on a flat surface. The obtained materials were analyzed in terms of catalytic properties in
the methanol electrooxidation reaction. The presented experimental works are intended to
develop a new type of catalysts.

2. Materials and Methods

In the experimental work, chemicals with analytical purity were used (ChemLand
company, Poland). The main stage of research was the metallization of light-hardened
resins. The substrate was made of FormLabs Form 2 (CadXpert company, Poland) resins
(Clear and Gray) dedicated to the stereolithography (SLA) method. Both of them are
characterized by chemical resistance, as described by the manufacturer [51,52].

A liquid resin with a volume of 1 mL was dropped onto a glass substrate, and then
cured using a UV lamp (power 48 W) for 1 min. The cured samples were washed in two
stages in isopropanol for 20 min every step, according to the manufacturer’s instructions.
Then, they were washed with demineralized water and dried.

The cured samples were degreased in 5 wt% NaOH solution at 70 °C for 10 min to
remove other impurities from the surface. Then, the samples were washed in demineralized
water and etched for 1 min at 70 °C in a chromic acid solution prepared as follows: 50 g
Cry03, 1500 g HpSOy4, 250 g HyO. The chromium(IV) ions were neutralized and removed
from the surface in 5 wt% HCl and 5 wt% K35,0s5 solution for 3 min at room temperature.
Then, the samples were washed in demineralized water. The surface of the resin was
activated by Pd(II) ions, the samples were placed into 1 g/L PdCl, solution for 30 min, and
during this time the ions were adsorbed on resin surface. After this step, the samples were
placed into freshly prepared 20 g/L NaBHj4 solution to reduce the palladium ions.

After activation and reduction, the samples were thoroughly washed with deminer-
alized water and placed into the metallization solution: 10 g/L CuSO4-5H,0, 10 g/L
tartaric acid, 10 mL/L formalin. The pH of the solution was modified by NaOH, and it
was equal to 12. The temperature of solution was 40 °C. The copper was deposited for
10 and 20 min. Then, the samples were washed using demineralized water and placed
for galvanic displacement into 2 g/L PdCl, solution for 30 s to 5 min. To compare the
parameters of electroless deposited coatings with bulk material, the copper sheets were
placed in the same solution for 1 and 5 min.

All samples were tested electrochemically in 0.1 M NaOH + 1 M methanol solution in
a three-electrode system at room temperature. The first electrode was a Cu/Pd sample,
the counter electrode was a Pt sheet, and as the reference electrode the saturated calomel
electrode (SCE) was used. Cyclic voltammetry experiments were performed in the potential
range between hydrogen and oxygen evolution with different scan rates.

Using SolidWorks 2018 SP 4.0 software and the FormLabs Form 2 3D printer, cylinder-
shaped elements with a diameter of 2 cm and a height of 3 cm were designed and printed.
The elements were characterized by large specific surface in relation to the dimensions.
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Similar to the previous samples, the elements were metallized by copper and decorated by
palladium. Cyclic voltammogram measurements and a chronoamperometric curve were
performed to evaluate catalytic properties. As was carried out previously, the elements
were tested in 0.1 M NaOH + 1 M CH3OH solutions at room temperature in the three-
electrode system. The working electrode was the metallized element and the counter
electrode was a Pt sheet. The cycling voltammograms were detected in the range from
—1.0to 1.5 V vs. SCE.

The obtained coatings were analyzed using scanning electron microscopy (SEM)
with a JEOL—6000 Plus. The chemical composition and distribution of elements were
determined using energy dispersive X-ray spectroscopy (EDS) analysis. The catalytical
tests were performed using a BioLogic SP-200 potentiostat.

3. Results and Discussion
3.1. Physical Characterization

In this work, the concentration of copper and palladium in the obtained coatings was
determined. For the selected sample, the analysis of Cu and Pd distribution was performed.
In the main part of the research work, a series of catalytic tests for the methanol oxidation
reaction were performed. SEM pictures of the coatings before and after catalytic tests
were taken.

The elemental composition of the coatings obtained as a result of electroless (EL)
copper deposition and galvanic displacement by palladium is shown in Figure 1. The
copper concentration is marked in blue and the palladium concentration in red. The
different types of obtained copper samples are marked with different symbol shapes.
The change in Pd concentration was linear with the time of galvanic displacement. The
palladium concentration was not dependent on the Cu deposition time. In both cases
of 10 min and 20 min of electroless Cu metallization, the Pd content ranged from about
2.75% (30 s) to 16.5% by mass (5 min). In the case of Pd galvanic displacement on metallic
copper, the palladium content after 5 min was equal to 15.12% by mass and on the Cu
coatings this value was approx. 16.8% and 16.6% on the copper deposited for 10 and
20 min, respectively.
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Figure 1. Composition of coatings depending on galvanic displacement time.
The SEM image taken for the coating obtained after 10 min of electroless Cu metal-
lization and 5 min of galvanic exchange of palladium is presented in Figure 2. It can be

seen that a smooth surface was obtained, and a slight precipitation can be observed. The
mapping analysis showed that the distribution of Pd was homogeneous.
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Figure 2. Mapping analysis of Cu/Pd after 10 min of electroless deposition of Cu and 5 min of
galvanic displacement Pd. Magnification: x2000.

3.2. Electrooxidation of Methanol on the Cu/Pd-Decorated Coatings

The methanol electrooxidation activity of Cu electrolessly deposited coatings modified
by palladium was investigated in 0.1 M NaOH + 1 M CH3OH solutions at room temperature
using electrochemical techniques. Figure 3 presents cyclic voltammograms of materials,
depending on electroless deposition of Cu and Pd galvanic displacement time (Figure 3a,b).
As shown the presented cyclic voltammograms, a change in the anodic peak connected
with the oxidation of methanol was observed. Depending on the time of Pd deposition
by galvanic displacement and thus the different concentration, the maximum potential
value changed, ranging from 0.8 V vs. SCE for 5 min Pd (about 16 wt. %) to 1.2 V vs. SCE
after 2 min of Pd (about 10 wt. %) on the Cu substrate deposited for 10 min (Figure 3a).
In the case of the Cu coatings deposited for 20 min, the anode peaks varied to a lesser
extent, from 1.2 to 1.36 V vs. SCE (Figure 3b), with the highest activity observed for the
modification by Pd for 30 s. To compare the catalytic properties, the diagrams for materials
obtained on metallic copper are also presented (Figure 3c). Experiments were carried out
on a copper substrate modified by palladium for 1 min and 5 min. No significant difference
was observed between the measurements carried out; the potential of the anode peak is
1.3 V vs. SCE (Figure 3c).
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Figure 3. Cyclic voltammograms of Cu/Pd-decorated coatings depending on the substrate type and Pd galvanic displace-
ment time. The substrates were as follows: 10 min (a), 20 min (b) electrolessly deposition copper and metallic copper (c).
The measurements were performed in 0.1 M NaOH + 1 M methanol solution, scan rate: 50 mV/s.

The cyclic voltammogram curves for different scan rates were determined. Figure 4
shows them for two exemplary samples—the coatings obtained in 20 min Cu electroless
metallization + 30 s and 5 min Pd galvanic displacement. As the scan rate increases, the
anode peak from the oxidation of methanol increases. The same tendency was shown in
all the analyses. Cyclic voltammograms of the remaining samples depending on the scan
rates are presented in the Supplementary Materials (Figures S1-56).
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Figure 4. Cyclic voltammograms of obtained coatings in 0.1 M NaOH + 1 M methanol solution at different scan rates. The
deposition parameters: 20 min electroless deposition of Cu, modification by palladium for 30 s (a) and 5 min (b).

Based on the cyclic voltammogram curves presented in Figure 4 and in the Supple-
mentary Materials (Figures S5 and S6), the change in the relationship between the current
density and the square root of the scan rate was determined (Figure 5a). This relationship
has been shown to be linear, therefore it can be concluded that the methanol electrooxida-
tion reaction takes place through diffusion control [44]. For all cases, a high correlation
coefficient R? was obtained. Figure 5b shows that the potential changed linearly with
the logarithm of the scan rate, suggesting that methanol oxidation on the surfaces is an
irreversible process [44].
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Figure 5. Characteristics of

the coatings depending on the Pd galvanic displacement time. Change in anodic peak current

with the square roots of scan rate (a), change in anodic peak potential with logarithm of scan rate (b). The copper was
deposited for 20 min and modified by Pd.

The SEM pictures of the coatings prepared for electrochemical analysis and after
catalytic tests are presented in Figure 6. The Cu coatings obtained electrolessly were
characterized by continuity. In the case of copper deposited for 10 min, small holes were
observed. Small irregularly shaped or spherical precipitates were observed on the coating
surfaces. Precipitations came from the electroless copper deposition process, and not from
Pd galvanic displacement, which can be observed in the mapping analysis (Figure 2) and in
comparison to the Cu coatings obtained after 20 min (Figure 6). In the case of Cu deposited
for 20 min, the coatings had a homogeneous morphology and small crystalline coatings
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were observed. After catalytic tests, in the case of Cu/Pd materials obtained after 10 min of
electroless copper deposition, the destruction of the coatings was clearly visible.

As prepared After catalytic tests
10 min Cu 20 min Cu

T

10 min Cu 20 min Cu

30sPd

1 min I’d

5min I’d

Figure 6. SEM pictures of electroless-deposited Cu modified by Pd, depending on copper deposition and galvanic
displacement time as prepared and after electrochemical tests, magnification x2000.

In some cases (e.g., after 30 s of Pd galvanic displacement) characteristic precipitations
were still visible. Coatings based on Cu deposited for 20 min were characterized by
less damage of the coatings. After the tests, the coatings were still stable and showed
good adhesion. The bluish discoloration of the precipitate was clearly visible, indicating
copper oxidation.

To assess the quality of coatings prepared on metallic copper, the SEM pictures were
taken (Figure 7). Slight cracks were visible on the surface, and slight irregular precipitations
were visible after 5 min of palladium deposition. Surface destruction was observed after
catalytic tests—in the case of the coating deposited after 1 min with Pd galvanic displace-
ment, the size of cracks on the surface increased. In the case of a higher palladium content,
most of the precipitates from the surface disappeared. As with the resin-deposited coatings,
it was observed that the coatings were oxidized after the tests.
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After catalytic tests

As prepared

-

1 min Pd

5 min Pd

Figure 7. SEM pictures of metallic Cu modified by Pd, depending on galvanic displacement time as
prepared and after electrochemical tests, magnification x2000.

3.3. Methanol Electrooxidation on 3D Printed Elements

A prototype of a catalyst for the electrooxidation of methanol in basic solutions was
made, and its design is presented in Figure 8. The cylindrical prints were designed based
on common geometry [11]. Round holes were made parallel to and perpendicular to the
cylinder’s axis.

(a) (b)

Figure 8. Drawing (a) and cross-section (b) of the catalyst made in the SolidWorks software.

Figure 8 shows the digital design of the element. The cross-section shown in Figure 8b
shows that the element is characterized by high porosity, thanks to which it was possible to
obtain a large specific surface, which is equal to 230 cm?.

Two elements were prepared and metallized by copper according to the procedure
described previously; the Cu metallization time was equal to 20 min. Then, the metallized
elements were placed into 2 g/L PdCl; solutions for 2 and 5 min. The concentration of
palladium in Cu/Pd coatings was determined by EDS.

The anodic peak was determined from the cyclic voltammogram curves presented in
Figure 9a. The obtained potential was chosen for potentiostatic measurements, which were
performed over 15 min in the same solutions. In case of the coatings modified by Pd for 5
min, the maximum determined potential was equal to 1.3 V vs. SCE. An anode potential of
1.05 V vs. SCE was observed on the curve of the coating deposited for 20 min with Cu and
modified for 2 min by Pd. For the chronoamperometry curves, the stability of the current
over time was observed (Figure 9b). After a certain period, both curves tended to plateau,
when the Pd concentration was near 20% and over 10% by mass.
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Figure 9. Cyclic voltammograms (a) and chronoamperometry (b) of metallized 3D prints. The Cu substrate was deposited
in 20 min and modified by Pd in galvanic displacement in 2 and 5 min.

Figure 10 presents SEM pictures of Cu/Pd coatings obtained on 3D prints, depending
on the modification time with palladium, as prepared and after catalytic tests. The coat-
ings were characterized by a similar morphology, regardless of the palladium galvanic
displacement time. Fewer minor precipitates were also observed for the shorter time of Pd
deposition. The coatings did not deteriorate after catalytic tests; they remained compact
and adhered to the substrate. Fewer precipitates on the surface were observed.

After catalytic tests

2 min IPd

5 min Pd

Figure 10. SEM pictures of coatings deposited on 3D prints as prepared and after catalytic tests,
magnification x2000.

4. Conclusions

The aim of this work was to develop a prototype of a catalyst intended for direct
methanol fuel cells. A catalyst synthesis based on 3D printing and electroless copper
deposition was proposed.

Metallic Cu coatings were modified by palladium through the galvanic displacement
process. In the first stage, Cu/Pd coatings on a flat substrate were synthesized. The
obtained coatings were characterized by a homogeneous distribution of elements on their
surface. Cyclic voltammogram curves were obtained to determine the catalytic properties
of Cu/Pd coatings. The coatings formed on the Cu substrate deposited for 20 min were
characterized by smaller anode peak potential differences, depending on composition.
By determining the linear relationship of currents in the anode peak as a function of the
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element from the scan rate and the potential from log (v), it was determined that the
reaction was diffusion-controlled and irreversible. Based on the SEM pictures, it was
determined that coatings obtained on electroless copper deposition for 10 min are porous
and unstable—after catalytic tests, the destruction of the coatings was visible. Coatings
based on 20 min EL Cu were less damaged.

On the basis of the results obtained, the metallization parameters of substrates con-
stituting 3D prints with a large specific surface were determined. Composition, cyclic
voltammograms and chronoamperometry curves were determined and SEM pictures of
the coatings were taken before and after the electrochemical tests. It was found that the
coatings were not significantly damaged by the applied potential. Using these techniques,
a 3D printed catalyst model was pre-developed.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2227-708
0/9/1/6/s1, Figure S1: Cyclic voltammograms of 10 min electroless (EL) copper + 30 s Pd in 0.1 M
NaOH + 1 M methanol solution at different scan rates; Figure S2: Cyclic voltammograms of 10 min
EL copper + 1 min Pd in 0.1 M NaOH + 1 M methanol solution at different scan rates; Figure S3:
Cyclic voltammograms of 10 min EL copper + 2 min Pd in 0.1 M NaOH + 1 M methanol solution
at different scan rates; Figure S4: Cyclic voltammograms of 10 min EL copper + 5 min Pd in 0.1 M
NaOH + 1 M methanol solution at different scan rates; Figure S5: Cyclic voltammograms of 20 min
EL copper + 1 min Pd in 0.1 M NaOH + 1 M methanol solution at different scan rates; Figure S6:
Cyclic voltammograms of 20 min EL copper + 2 min Pd in 0.1 M NaOH + 1 M methanol solution at
different scan rates.
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Abstract: Fused filament fabrication allows the direct manufacturing of customized and complex
products although the layer-by-layer appearance of this process strongly affects the surface quality
of the final parts. In recent years, an increasing number of post-processing treatments has been
developed for the most used materials. Contrarily to other additive manufacturing technologies,
metallization is not a common surface treatment for this process despite the increasing range of high-
performing 3D printable materials. The objective of this work is to explore the use of physical vapor
deposition sputtering for the chromium metallization of thermoplastic polymers and composites
obtained by fused filament fabrication. The thermal and mechanical properties of five materials
were firstly evaluated by means of differential scanning calorimetry and tensile tests. Meanwhile,
a specific finishing torture test sample was designed and 3D printed to perform the metallization
process and evaluate the finishing on different geometrical features. Furthermore, the roughness of
the samples was measured before and after the metallization, and a cost analysis was performed
to assess the cost-efficiency. To sum up, the metallization of five samples made with different
materials was successfully achieved. Although some 3D printing defects worsened after the post-
processing treatment, good homogeneity on the finest details was reached. These promising results
may encourage further experimentations as well as the development of new applications, i.e., for the
automotive and furniture fields.

Keywords: 3D printing; prototyping; surface finishing; physical vapor deposition; mechanical
properties; composites; fused deposition modeling; surface quality

1. Introduction

Thermoplastic polymers and their composites exhibit some distinctive properties such
as lightweight and corrosion resistance, which represent a significant advantage when
compared to other classes of materials, e.g., metals [1,2]. However, the properties provided
by metallic coatings are required in many industrial sectors to improve, for example, their
aesthetic appearance and abrasion resistance [3,4]. Moreover, metallic properties can be
essential for advanced technological applications, such as electronic fields [5]. In all these
applications, the possibility of metalizing plastics has paved the way for new applications
for polymer-based materials, reducing the costs and combining polymer advantages with
metal properties, such as abrasion resistance and conductivity [6].

The main metallization techniques that are currently used are electro-deposition [7],
electroless plating [8], spray techniques [3,9], and physical vapor deposition (PVD) [10].
Among these technologies, sputtering PVD can be considered a suitable technique for
plastic substrates because low temperatures can be reached during the deposition, ac-
cording to the depositing materials, thus preventing polymer degradation [11]. Other
attractive advantages of sputtering PVD processes are (a) the capability of covering corners
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uniformly; (b) the possibility to easily deposit metal alloys by a proper choice of the target
composition [12]; and (c) the elimination of dangerous chemicals used in other conven-
tional metallization techniques, making this method an environmentally friendly surface
treatment [13].

Recently, several studies were performed to explore the opportunity to cover 3D-printed
structures with metallic coatings for different purposes, such as the achievement of a good
level of conductivity for rapid-prototyped polymers [14], the fabrication of 3D-printed
helical and spiral antennas [15,16], and the development of electroluminescent devices [17].
For 3D-printed parts, the presence of a metallic coating enables the improvement of material
properties, such as aesthetics, while also changing the user perception of 3D-printed
polymers [13,18]. According to the metal deposited to produce the coating, an enhancement
of mechanical strength can be achieved, as well as a good level of abrasion resistance and
environmental resistance [19].

In this work, the metallization of fused filament fabrication (FFF) components through
a sputtering PVD route was explored to assess the level of aesthetic appearance and
geometric accuracy obtained after a chromium coating sputtering deposition as a function
of different 3D printing materials and parameters used. For this purpose, a finishing
torture test 3D model was designed and 3D-printed with thermoplastics and polymer
composites. Different thermoplastic materials were selected to explore the capability
to metalize different 3D-printable materials with a wide range of characteristics. This
will pave the way for the 3D printing of other polymer-based materials and subsequent
chromium metallization to improve the surface finishes of additive manufactured products
and expand the range of new potential applications.

2. Materials and Methods

The materials for 3D printing were purchased in the form of filaments and used
as-is. Polylactic acid (PLA) filament was supplied by Prusa Polymers a.s., Prague, Czech
Republic, with the commercial name Prusament PLA (purchased from Prusa Research
a.s., Prague, Czech Republic). Acrylonitrile styrene acrylate (ASA) filament was supplied
by FormFutura B.V., Nijmegen, Netherlands, with the commercial name ApolloX (local
distributor: Conrad Electronic Italia S.r.l., Bollate, Italy). Polycarbonate and acrylonitrile
butadiene styrene copolymer (PC-ABS) filaments were supplied by Ciceri de Mondel
S.rl., Ozzero, Italy, with the commercial name FILOALFA® PC-ABS (local distributor:
Mega 3D, Cassano d’Adda, Italy). Co-polyester filament made with Amphora HT5300
polymer (Eastman Chemical Company, Kingsport, TN, USA) was supplied by colorFabb
B.V., Belfeld, Netherlands, with the commercial name colorFabb_HT, hereinafter called HT-
PE (local distributor: Mega 3D, Cassano d’Adda, Italy). Composite co-polyester filament
made with Amphora AM1800 polymer (Eastman Chemical Company, Kingsport, TN, USA)
and 20 wt% of carbon fibers were supplied by colorFabb B.V., Belfeld, Netherlands, with
the commercial name colorFabb XT-CF20, hereinafter called XT-PE-CF20 (local distributor:
Mega 3D, Cassano d’Adda, Italy).

Tensile tests were performed by means of a Zwick Roell Z010 (ZwickRoell GmbH & Co.
KG, Ulm, Germany) with a 10 kN cell load. For the tests, the ASTM standard test method
D3039/D3039M-17 (2017) was adopted [20]. Following the requirements of the standard
test method, a testing speed of 2 mm/min was selected, and the specimen dimensions
were defined accordingly. The specimens had a constant rectangular cross-section, a width
of 10 mm, and a thickness of 2.4 mm. A gripping length of 30 mm was employed, without
the use of tabs, and the gauge length was 20 mm. From the standard test method, the
length of the specimens was defined according to the following requirements: 2 times the
gripping length + 2 times the width + gauge length, resulting in a final length of 100 mm.
A total of 5 specimens were tested, and the mechanical properties were evaluated from the
stress—strain curve obtained from the tests. Finally, the mean values and the standard error
were evaluated.
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Differential scanning calorimetry analysis was performed to measure the glass tran-
sition temperature (Tg) of the 3D printing filaments. The tests were performed with a
Mettler-Toledo DSC/823e (Mettler Toledo, Columbus, OH, USA) in a N, atmosphere. The
heating ramp was set from —50 °C to 300 °C with a 20 °/min of heating rate, except
for HT-PE, which was analyzed with a heating ramp from 25 °C to 300 °C at 20 °/min
heating rate.

Tensile test specimens and the 3D model of the torture test were designed using Fusion
360 (Autodesk, San Rafael, CA, USA) CAD software. Complex surfaces of the 3D model
were previously designed with the “Grasshopper” plugin of Rhinoceros (Robert McNeel &
Associates, Seattle, WA, USA) and afterward integrated into the 3D model with Fusion 360.

Both the tensile specimens and the torture test samples were 3D printed with a Prusa
i3 MK3S FDM 3D printer (Prusa Research a.s., Prague, Czech Republic). Tensile specimens
Gcodes were created with Ultimaker Cura 3.6.0 slicing software (Ultimaker B.V., Utrecht,
The Netherlands). Specimens were produced without perimeters or top and bottom layers.
Moreover, 100% infill was set with a raster angle equal to 0° or 90°, compared to the overall
length of the specimen. Torture tests Gcodes were created with Slic3r PE 1.41.3 slicing
software (Prusa Research a.s., Prague, Czech Republic). Torture tests were 3D printed with
2 perimeters, 4 top and bottom layers, and 20% infill. Other material-specific 3D printing
parameters are reported in Table 1. As indicated in Table 1 by the bed adhesion parameter,
the 3D printing was performed with both a paper tape and a brim, which is a layer of
the material that extends along the print bed from the edges of the 3D prints for PC-ABS,
HT-PE, and XT-PE-CF20 samples. The presence of these two factors was needed for these
materials to improve the adhesion of the 3D-printed objects to the printing surface and
reduce the deformation in the final samples.

Table 1. The 3D printing parameters of the five materials selected for this work.

Nozzle Diameter = Nozzle BedT  Print Velocity

Material (mm) T €C) ©C) (mm/s) Bed Adhesion
PLA 0.4 215 60 60 none
ASA 0.4 240 90 40 none
PC-ABS 0.4 240 100 50 brim + paper tape
HT-PE 0.4 250 110 35 brim + paper tape
XT-PE-CF20 0.6 255 80 50 brim + paper tape

After visual inspection of the 3D-printed torture test samples, the chromium layer
deposition was carried out through a PVD sputtering proprietary process from Green Coat
S.rl., San Benedetto Po, Italy. During this process, a range of temperatures from 20 to 60 °C
can be reached. A UV-curable acrylic-based primer (UNILAC UV BC 05 from Cromogenia-
Units S.A., Barcelona, Spain) was deposited onto the surface with a thickness of 70-80 pm
before the PVD sputtering. Such values of primer thickness were chosen to assure a good
leveling of the surface roughness present on the 3D parts. Before the primer application,
the samples were cleaned with an isopropyl alcohol moistened cloth followed by a drying
time of 10 min at room temperature. The samples were fixed on a rotational jig to assure the
coating of all the surfaces of the samples. Firstly, the liquid primer deposition was carried
out with anthropomorphic robots, which sprayed the UV-curable solventless primer to the
samples with a rotary cup spinning at 25,000 rpm to achieve the atomization of primer.
After the application, the primer UV-curing was performed, using 26 mercury vapor lamps
with a 10” bulb and a peak irradiance of 500 mW /cm?. The total duration of the UV curing
was about 2 min. The jig then entered the in-line metallization system where oxygen
plasma provided the surface activation before the chromium layer deposition. The plasma
treatment was performed for 90 s with an O, flow of 700 sccm, an electrode power of 4 kW,
and a rotation speed of 5 rpm. A thin layer of chromium was then deposited through the
PVD magnetron sputtering process with a power of 10 kW for each cathode. The sputtering
process was carried out at a pressure of 1.5 x 1073 mbar with a constant argon flow of
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600 sccm. The total duration of the deposition was 16 min. The expected chromium layer
thickness with these parameters is 200 nm. The samples were then supplied by Green Coat
S.rl. for further investigations after the metallization process. The planar specimen surface
roughness was measured by means of a laser profilometer (UBM). The roughness tests
were performed along five different lines for each planar substrate. The point density of
the measure was 500 points/mm, and the roughness values were reported in terms of the
root mean square roughness (Rq). The cost analysis was performed and provided by Green
Coat S.r.l.

3. Results and Discussion
3.1. Material Characterization

The 3D-printed thermoplastic polymers and composite were characterized to iden-
tify possible applications based on the thermal and mechanical properties. DSC analysis
was useful to evaluate the maximum working temperature, based on the Tg. To prevent
deformations of the 3D objects, thermal transitions during the metallization process are
to be avoided. Consequently, higher Ty polymers are less prone to further deformations
or warping after the 3D-printing process. In fact, residual thermal stresses are commonly
produced during the fused filament fabrication (FFF) process, especially with low-cost
desktop 3D printers, and residual thermal stresses may cause deformations or warping.
As shown in Table 2, all the materials, except for PLA, have a Ty higher than 60 °C, which
approximately is the maximum temperature reached during metallization through PVD
sputtering of chromium. Two glass transition temperatures were identified for ASA and PC-
ABS, due to the different polymer phases, which are intrinsically present in these materials.
Indeed, the Tg 1 and Ty » present in the PC-ABS sample can be attributed to the presence
of separate phases composed of polycarbonate and poly-acrylonitrile/styrene, respectively.
Concerning ASA glass transitions, the Tg > is due to the presence of polyacrylonitrile and
polystyrene phases. The lower value of Tg, i.e., 83 °C, can be related to the presence of ad-
ditives aimed at improving the flowing behavior, thermal stability, and interlayer adhesion
as reported by the producer [21,22]. Among the investigated materials, PC-ABS and HT-PE
showed the highest values of Tg, higher than 100 °C. Consequently, no deformations are
expected due to stress relaxation during the metallization process for these materials. On
the contrary, 3D parts produced with PLA are prone to deformations and warping since
the material Ty can be reached during the metallization process. Regardless, the exact
temperature trend during the metallization process is unknown; considerations about the
effects of the metallization process on the samples will be later discussed in Section 3.3.

Table 2. Glass transition temperature values, Tg evaluated with DSC analysis for the materials under

investigation.
Material Tg 1 (°O) Tg 2 (°C)
PLA 55-60 [23] n/a
ASA 83 112
PC-ABS 113 147
HT-PE 110 n/a
XT-PE-CF20 80 n/a

Table 3 shows the results of the mechanical tests. As described in the Materials and
Methods section, specimens for tensile tests were produced with two different raster angles.
The parts produced with the FFF process have anisotropic mechanical properties [24,25].
Consequently, the results of the tensile tests of the two sets of specimens are useful for the
evaluation of 3D-printed material anisotropy. As shown in Table 3, specimens with a raster
angle equal to 0° show overall higher mechanical properties. Excluding PLA specimens, the
materials under investigation exhibited a yield point when produced with this raster angle.
On the contrary, all the materials showed a brittle behavior with no yield points when a
raster angle of 90° was used. Moreover, the strain at break was lower than the strain at
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yield of the same material 3D printed with a 0° raster angle. This result could be related to
different alignments and concentrations of defects produced during the FFF process. Small
voids are commonly found between deposited strands of materials [26,27]. Considering
specimens with 0° raster angles, the voids will be present between material strands aligned
to the tensile direction. Consequently, the strands will sustain the tensile load. Otherwise,
with a 90° raster angle, voids between strands will concentrate in transversal planes with
respect to the tensile direction, creating weak surfaces between the strands.

Table 3. Materials tensile mechanical properties.

Raster Angle  Elastic Modulus  Stress at Yield  Strain at Yield  Stress at Break  Strain at Break

Material ©) (GPa) (MPa) (%) (MPa) (%)
LA 0 2.3 [28] n/a n/a 487 [29] 2.8 [29]
90 2.0 28] n/a n/a 489 [29] 2.7 [29]
ASA 0 21403 433+ 06 31401 282 + 0.9 179 + 45
90 19401 n/a n/a 258+ 12 15401
P AS 0 22402 395+ 0.5 3401 362+ 12 1742 + 36.1
- 90 17401 n/a n/a 141412 10+ 01
rpE 0 17402 416408 54402 317405 1289 + 248
- 90 16401 n/a n/a 354429 69435
0 91419 60.7 + 0.6 24402 553+ 13 47402
XT-PE-CF20 90 29401 n/a n/a 402 + 0.4 26402

PC-ABS and HT-PE, which were 3D printed with a 0° raster angle, showed an out-
standing strain at break of higher than 100%, reaching a value of 174% for PC-ABS. More-
over, among the materials investigated in this work, HT-PE showed the highest strain at
yield, equal to 5.4%, and the highest strain at break for the 90° raster angle, equal to 6.9%.
Regarding the stress at yield and stress at break, XT-PE-CF20 exhibited the highest strength,
due to the contribution of carbon fibers, while a decent strain at yield and strain at break
was maintained.

3.2. Design of the Finishing Torture Test Samples

A specific 3D model was designed to evaluate the quality of the PVD sputtering
metallization on the 3D-printed pieces. The .stl file is publicly available in an open access
repository on Zenodo [30].

In particular, this 3D model took inspiration from the “torture tests” for FFF processes,
which are specifically designed to calibrate and test the main critical features for 3D printing
(i.e., overhangs, bridging). The qualitative comparison of a set of 3D-printed torture test
samples allows finding the most suitable slicing settings for good 3D prints with a specific
material. Similarly, the 3D model developed in this work was mainly useful for making a
qualitative evaluation of the surface finishing after the PVD sputtering metallization. For
this reason, this 3D model can be defined as a “finishing torture test sample” since it aims
at testing the quality and homogeneity of the metallization on the 3D-printed parts rather
than calibrating the slicing parameters of the 3D printing. Nevertheless, constraints both
from FFF and PVD processes were considered to design the finishing torture test, such
as the nozzle diameter of the 3D printer, or the clamping system of the PVD sputtering
industrial apparatus.

The overall preview of the finishing torture test sample is shown in Figure 1a,b. The
maximum dimensions of the 3D model (53 x 53 x 53 mm?) were defined to limit the
3D printing times of a single piece. The shape is comparable to a cubic-like volume, and
several technical features are placed onto the different surfaces. Their dimensions and
positions vary in order to verify both the homogeneity of the post-processing treatment
and the shape accuracy after the metallization at different conditions. The specific features
are visible in Figure 1 and listed here below:
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Linear engraving with a maximum depth of 3 mm and a minimum dimension of
0.5 x 5 mm? (Figure 1a,e);

Letter engraving and embossing with a depth from 0.2 to 0.6 mm and a height of
0.8 mm (Figure 1a,e);

Geometrical embossing with a height from 0.2 to 0.6 mm (Figure 1a,b);

Staircase effect and overhangs with an angle from 30° to 75° (Figure 1b,d);

Spacing features with a distance from 0.5 to 3 mm (Figure 1b,d);

Surface embossing and engraving with a maximum surface variation of 4.5 mm and a
nominal depth or height of 0.5 mm (Figure 1b,c);

Internal cavity with a maximum overhang of 40° (Figure 1a,e);

PVD sputtering fixing holes dimensioned according to the PVD sputtering equipment
of the industrial site (Figure 1d).

DS
3 SOV

ol e,

(b)

(d) (e)

Figure 1. A 3D model of the finishing torture test samples designed in this work (dimensions: 53 x 53 x 53 mm?3): an

overview of (a) the letter and linear engraving and geometrical embossing surface details; (b) the staircase effect and spacing

features; (c) the surface embossings and engravings; (d) the staircase effect, spacing features and the PVD sputtering fixing

holes; and (e) the internal cavity.

Considering the main purpose, this finishing torture test sample could be suitable

for evaluating the surface finishing quality of different post-treatment processes for FFF
3D-printed parts, such as chemical or physical surface treatments [31,32] and other thermal
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spray technologies. By changing some features, it may be also used to test the surface fin-
ishing of 3D-printed surfaces obtained from nonplanar slicing for FFF processes. This novel
approach allows the reduction of the staircase effect and the layer-by-layer appearance in
nonplanar toolpaths during the fabrication of a 3D-printed part [33-35]. Finally, a similar
finishing torture test sample can be designed for other material extrusion 3D-printing
technologies as well as new emerging materials.

3.3. The 3D Printing and Metallization of the Finishing Torture Test Samples

Five finishing torture test samples were successfully 3D printed with the parameters
and materials previously shown in Table 1, i.e.,, PLA, ASA, PC-ABS, HT-PE, and XT-PE-
CF20. In general, delamination of the layers occurred only for the tests made with ASA
and PC-ABS. The most affected areas correspond to the vertical sharp edges and near the
internal cavity. Moreover, ASA had also some adhesion problems during the 3D printing,
and a raft base was added to the Gcode to improve adhesion to the building plate. No
significant superficial defects were detected on the surfaces of the 3D-printed tests, except
on the overhang surfaces of the finishing torture test samples made with XT-PE-CF20.
At the same time, the surface finishing of this composite material slightly hindered the
layer-by-layer appearance of the piece in the z-axis direction, and a random texture can be
noticed in the same direction. These aspects are generally noticed in the case of reinforced
filaments for two main reasons. Since the presence of fillers highly reduces the printability
of these kinds of filaments, a nozzle with a larger diameter is required to avoid clogging
inside the hotend, reducing the overall definition of the piece. Moreover, the presence
of the filler contributes to modify the surface texture. As a matter of fact, the composite
material slightly hinders the layer-by-layer appearance of the piece, thanks to the texture
created by the reinforcement particles. Contrastingly, thermoplastic filaments highlight the
layer-by-layer appearance. Especially for the ASA filament, the layers are clearly noticeable
on the whole finishing torture test sample.

After the PVD sputtering metallization, some considerations can be made by compar-
ing the overall quality of the chromium layer. The quality of the coating is generally higher
on planar surfaces without embossed or engraved details. Although the five specimens
were successfully coated, several differences can be noticed, according to the different
material of the substrate as explained in detail in the following:

1.  The PLA sample does not show detachments of the chromium layer, and there are
no surface defects due to the metallization. Despite the low Tg, any geometrical
deformation is not visible, and good homogeneity was achieved.

2. The delamination of the ASA sample worsened after the metallization. New de-
laminated points have appeared, and the old ones are enlarged in their dimensions.
Moreover, some bubbles can be noticed on the lower surface of the test. These may be
due to some entrapped air between the layers, due to the 3D printing and/or PVD
sputtering settings. Nevertheless, no detachments and geometrical deformations
were detected.

3. For the PC-ABS sample, the delamination has worsened after the PVD sputtering
process. The behavior is similar to the ASA sample.

4. The HT-PE sample does not show detachments or superficial defects linked to the
metallization or geometrical deformations. A good homogeneity was achieved also
in this case.

5. The XT-PE-CF20 sample shows a less shiny surface and lower homogeneity of the
chromium layer when compared to the other samples, probably due to the filler. How-
ever, no detachment or geometrical deformation was found after the metallization.
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In particular, two surface details (surface embossing and letter engraving) and two
3D-printing features (internal cavity and staircase effect) were evaluated through a compar-
ative analysis of the samples. A picture before and after the PVD sputtering metallization
was taken for each finishing torture test sample to allow two levels of comparison: (i) the
overall quality before and after the coating process; and (ii) the metallization onto the same
geometry made with different materials. The comparison of the surface embossing and let-
ter engraving is resumed in the visual matrix of Figure 2. In general, the embossing details
were quite visible after the metallization, except for the XT-PE-CF20 test (Figure 2, de-
tail A5). Among the samples under consideration, the highest homogeneity was observed
for the PLA sample (Figure 2, detail Al). Contrastingly, the definition of the engraved
details worsened in most of the cases. Some inhomogeneity of the chromium layer can
be detected in the ASA and PC-ABS samples (Figure 2, details B2 and B3). Furthermore,
the layer-by-layer appearance of the PC-ABS and HT-PE tests was highlighted by the
metallization (Figure 2, details B3 and B4). In principle, this may be related to the inhomo-
geneity of the primer layer close to the finest surface details. Further remarks can be made,
according to the visual matrix shown in Figure 3. The internal cavity was successfully
coated for all the five samples, although the chromium layer of the XT-PE-CF20 test was not
homogeneous (Figure 3, Detail A5). Detachments near the cavity are visible in the PC-ABS
test (Figure 3, Detail A3). This is also visible beside the detail to evaluate the staircase
effect (Figure 3, Detail B3). Some superficial defects were present in this specific area after
the metallization of the XT-PE-CF20 sample (Figure 3, Detail B5). From the figures, the
staircase effect seems to be highlighted by the metallization, except for the ASA sample
(Figure 3, Detail B2).

However, geometrical deformations of the engraved and embossed details were not
visible. This result is in agreement with the Tg of the materials previously shown and the
temperature range of the PVD sputtering process (20-60 °C). Even for the PLA samples,
residual thermal stresses did not significantly affect the final results.

To quantify the quality of the metallized surfaces, the roughness of the sample surfaces
was measured before and after the PVD chromium sputtering process. In detail, vertical
surfaces were selected, as they better show the typical roughness of the 3D-printing process,
hence metallization can show more improvements in those specific areas. As visible in
Table 4, the roughness values after the metallization are similar in most cases. The best
results were obtained by the HT-PE sample, which also exhibited higher reduction in
roughness in terms of root mean square. The XT-PE-CF20 sample showed the highest
roughness both before and after the metallization process. In particular, this can be due
both to the poorer initial quality related to the use of a larger nozzle (0.6 mm) to avoid fiber-
clogging issues, and the presence of carbon fibers, which could be exposed on the surfaces,
creating a non-homogeneous substrate for primer and, consequently, for PVD sputtering.

Table 4. Vertical surface roughness values before and after metallization of the finishing torture test
samples and their difference.

Material Rq before PVD(um) Rq after PVD (um) Rq Reduction (um)
PLA 79 £05 1.8+£35 6.1
ASA 11.6 £0.7 0.7+£01 10.9
PC-ABS 6.6+ 0.6 0.74+03 5.9
HT-PE 120+ 1.8 03+0.1 11.8
XT-PE-CF20 157 +23 120+ 0.9 3.7
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Figure 2. Visual comparative matrix of the (A) surface embossed and (B) letter engraved details before and after the
PVD sputtering metallization of the finishing torture test samples made with (1) PLA, (2) ASA, (3) PC-ABS, (4) HT-PE,
(5) XT-PE-CF20. The white unit bar is equal to 10 mm.
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3D
MODEL
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Figure 3. Visual comparative matrix of the (A) internal cavity and (B) staircase effect before and after the PVD sputtering

metallization of the finishing torture test samples made with (1) PLA, (2) ASA, (3) PC-ABS, (4) HT-PE, (5) XT-PE-CF20. The
white unit bar is equal to 10 mm.
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3.4. Fields of Application

New applications can be found for 3D-printed thermoplastic and composite materials
coated with a metallic layer, although further quantitative tests should be performed to
better analyze the PVD sputtering metallization of the selected substrates. As previously
mentioned, these kinds of surface coatings were already used for medical and electronic
applications with other additive manufacturing processes, i.e., stereolithography [36].
Furthermore, PVD sputtering represents a feasible way to deposit metallic films on FFF
3D-printed substrates, achieving new surface properties [13]. As a result, other technical
applications can be exploited after the optimization of the PVD sputtering process, such as
in the automotive and furniture fields. New customized and high-performing parts can be
fabricated for the automotive industries by taking advantage of both the 3D printing of
polymer-based materials and metallization. As a matter of fact, FFF offers a larger range of
3D printable thermoplastics and composite materials when compared to stereolithography
as well as the possibility of printing bigger volumes. PVD sputtering could be also used
to enhance and change the senso-aesthetic qualities of a specific 3D-printed surface since
surface finishing strongly influences not only the performance of a specific product, but
also its perception and the emotional response of customers and final users [37]. For in-
stance, designers can highlight or hinder the layer-by-layer appearance of the final product
to stimulate a specific response through a proper selection of the substrate material and
of the surface finishing. For this reason, customized 3D-printed furniture can benefit
from several advantages of metallization not only from a functional perspective, but also
from an aesthetic and emotional point of view, i.e., extending the life cycle, protecting
the external surfaces, improving the abrasion resistance, and changing the user percep-
tion of a 3D-printed product through its finishing. However, aging effects could occur
on the chromium/polymer-interfaces, for example, due to redox reactions, occurring at
metal /polymer interfaces and chemical reactions caused by the interactions of chromium
with carbonyl groups and aromatic rings [38]. For these reasons, future studies will also be
dedicated to the investigation of these phenomena. Moreover, PVD sputtering process can
be considered an environmentally friendly surface treatment since dangerous chemicals
are not used for metal deposition [13].

3.5. Cost Analysis

Finally, to estimate the impact and the cost-efficiency of the proposed metallization
process for future industrial exploitations, a cost analysis was performed. More specifically,
the costs for the surface treatment and PVD sputtering of torture test samples were deter-
mined, including the costs for the coating raw materials, electricity, common gases (such as
nitrogen and argon), and periodic maintenance (Table 5).

Table 5. Cost analysis for PVD metallization of a single torture test sample.

Operating Expenditure Unit (€)
Direct costs of equipment 0.083
Cost of energy (electricity + natural gas) 0.028
Cost of raw materials (e.g., primer) 0.145
Direct labor 0.163
Fixed costs of production 0.054
Cost of expected rejection rate 0.074
General and Administrative expense and Sales 0.109
Capital Expenditure
Properties, plant, and equipment 0.073
Total Cost 0.729

Considering the results obtained by this cost analysis, it is possible to state that the
costs related to energy consumption are approximately 4% of the total cost and have the
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least impact on the final price. Vice versa, the costs related to the raw material and the
operator labor have a greater impact on the total cost (i.e., 20% and 22% of the total cost,
respectively). The coating raw materials are usually the highest cost consumables. However,
the final cost of the entire metallization process per sample is lower than EUR 1. This
means that costs can be measured in cents, for example, for decorative PVD applications on
consumer products. Therefore, this PVD sputtering metallization will not add substantial
costs to a manufactured part; adding PVD finishing to manufacturing operation can be
cost-effective. Moreover, the deposition of a chromium layer enhances the perceived
quality of products, because a high-quality product finishing instantly communicates its
increased value and influences how customers view manufactured products [39]. For
instance, automotive components can be customized by an FFF printing process and then
exhibit different senso-aesthetic qualities, thanks to the PVD sputtering metallization. This
suggests that, even though the initial investment of a PVD sputtering equipment may
be high, it allows the 3D-printed objects to combine customization with good, appealing
properties. With that said, in this specific case, the capital expenditure, which represents the
cost of buying, maintaining and improving the equipment, is only the 10% of the final cost
for the metallic coating of a single object. Furthermore, durable hard coatings can enhance
the lifetime of home and office furniture, medical devices, industrial tooling, sporting
goods, and many other products, which require being custom-made by 3D printing for
fashionable and particular reasons.

4. Conclusions

In this work, the deposition of a chromium layer onto 3D-printed complex shapes was
successfully achieved. Five thermoplastic and composite materials were coated through
a PVD sputtering process. In detail, the glass transition temperatures and mechanical
properties of the selected materials were evaluated not only to preliminary define their
PVD processability, but also to showcase the metallization of 3D printable materials with
different characteristics. Considering the maximum temperatures reached during PVD,
only PLA parts should have been affected by deformations linked to residual thermal
stresses. Nevertheless, no visible deformations were found on the PLA torture test sample
after the metallization.

A finishing torture test sample was specifically designed to test metallization onto
different features that are commonly fabricated through FFF processes. Additionally, this
3D model may be useful to evaluate (i) the quality of different surface finishing for 3D
printing; (ii) different 3D-printable materials for FFF; and (iii) other material extrusion
3D-printing processes and slicing approaches after some changes to the main features.
Afterward, the 3D printing and metallization of the torture tests were successfully achieved
with all the selected materials. In general, good homogeneity was obtained with PLA
and HT-PE, whereas the metallization onto the other materials was mainly affected by
the presence of 3D-printing defects. Among the materials under investigation, the HT-
PE sample exhibited the lowest values of roughness after the PVD sputtering process
and the highest reduction of roughness induced by the metallization. Moreover, neither
detachments nor geometrical deformations and surface defects due to the metallization
process were observed for HT-PE. Especially for applications requiring high thermal
stability and good mechanical properties, HT-PE samples can be an appropriate choice, due
to the high values of the glass transition temperature and good quality of the PVD sputtered
surfaces. However, any detachment of the chromium layer or geometrical deformation
was not observed for the carbon-based composite (XT-PE-CF20), and promising results
were also achieved in this case.

Considering the different properties of the materials shown in this work, a wider
range of new applications can be developed, i.e., in the automotive and furniture sectors.
As a matter of fact, this finishing treatment can influence not only the technical properties of
new products, but also the user perception. Further quantitative tests should be performed
to foster the use of PVD for 3D-printed thermoplastics and composites, such as assessing
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the abrasion and adhesion resistance of the coatings. Nevertheless, these promising results
will potentially allow the exploitation of 3D-printed thermoplastics and composites for the
design of new products.
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