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About This Book

This book presents selected contributions on a wide range of scientific and
technological areas covered by AITeM (the Italian Manufacturing Association).

First part AITeM Young Researcher Award 2023 is written by young AITeM asso-
ciates: the contributions reflect the multifaceted nature of the research in manufac-
turing, which takes advantage of emergent technologies and establishes interdisci-
plinary connections with various scientific and technological areas to move beyond
simple product fabrication and develop a complex and highly interconnected value
creation processes ecosystem pursuing high-value-added products to compete glob-
ally. It discusses the following topics: additive manufacturing, materials processing
technology, assembly, disassembly and circular economy, manufacturing systems
design and management, quality engineering and production metrology, process and
system simulation, optimization and digital manufacturing.

An Editorial Committee composed by Luigi Maria Galantucci—Politecnico di
Bari (President), Elena Bassoli—Università di Modena e Reggio Emilia, Luca
Boccarusso-Università di Napoli Federico II, Davide Campanella—Università di
Palermo, Gianni Campatelli—Università di Firenze, Antonio Del Prete—Univer-
sità del Salento, Enrico Pisino—Competence Center +CIM 4.0 Torino, Loredana
Santo—Università di RomaTorVergata, Enrico Savio—Università di Padova,Walter
Terkaj—STIIMACNRpeer reviewed and selected ten contributions among25papers
proposed for the Award.

Second partWhite Papers presents five contributions on some Emerging Trends in
Manufacturing research. The contributions have been prepared by Working Groups
that have formed around strategic research topics in the manufacturing sector, often
related to emerging applications: the manufacturing of metallic prosthetic implants,
the use of lasers in the production of products and components for electric mobility,
digital twins applied to technologies and production systems, joining technologies in
naval and marine applications, surface functionalization in biomedical implants. The
papers here published aim to provide an overview of the new challenges posed by
these frontier areas, demonstrating howonly through themultidisciplinary and highly
innovative approach that our community offers can these challenges be successfully
addressed.
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TheWhite Papers underwent a reviewing process led by Prof. Luigi Carrino from
theUniversità di Napoli Federico II to ensure their compliancewithAITeM standards
and to make their structure consistent.
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3D Printing of Shape Memory Polymers:
Embedding Nichrome-Wires to Enhance
Their Performance

Gianni Stano, Antonio Pavone, and Gianluca Percoco

Abstract Shape memory polymers (SMPs) has recently gained popularity in the
3D printing field: the possibility to 3D print polymers capable to change their shape
when triggered by a certain temperature, can lead to the fabrication of programmable
structures. So far, the usage of solutions such as oven and warm water have been
used to activate SMP, resulting in a lack of feasibility and difficult to be employed
in real-life scenarios. In the present paper the authors propose a method to embed
electrical nichrome-wires inside the 3D printed SMP during the fabrication process,
in order to make the activation step easier, more feasible and faster. Several motions
were reached when the 3D printed SMPs were activated, resulting appealing for the
fabrication of soft robots. Moreover, complex structures made up of SMP material
and flexible joint were also manufactured, proving that the proposed manufacturing
method can be used to fabricate grippers and walking soft robots.

Keywords Shape memory polymers · 3D printing ·Material extrusion · Soft
robotics · Smart materials

1 Introduction

Over the years, Additive Manufacturing (AM) technologies have been largely
employed for the fabrication of soft robots [1, 2] resulting in a reduction in costs, time
and assembly tasks. From an actuation standpoint, 3D printed soft robots are based
on pneumatic [3], electromagnetic [4], tendon driven [5], light [6], shape memory
polymers (SMP) [7], shape memory alloys (SMA) [8], and hybrid systems [9]. The
SMPs are a very promising class of actuators because of (i) lower cost, (ii) possibility
to enable greater recovery deformation, (iii) biodegradability, and (iv) possibility to
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respond to more multiple stimuli [10] (even though one of the most studied domain
is the temperature stimulus [11]). The SMP working mechanism is here described:
its initial shape can be modified to a temporary shape, deforming the SMP at a fixed
temperature above the glass transaction (Tg) temperature of the materials, named
switching temperature (Ts). Cooling down the SMP, the temporary shape will be
fixed: if the polymer is heated again above the Tg temperature, the SMP recover its
initial shape [12, 13]. This particularly effect, called shape memory effect (SME) is a
complex transformation that involves two class of SMP [14, 15]: (i) traditional one-
way SMP (original shape-deforming shape-original shape), and (ii) two-way [16,
17] or more [18] SMP (original shape-deforming shape-original shape-deforming
shape), able to remember two different shapes at low- and high-temperature.

OnonehandSMPsdonot required particular and complicated system towork such
as cables, motors or pneumatic compressors, but on the other hand their activation
is possible through external heat source [19] (often provided via oven and warm
water) resulting in a lack of feasibility for real-life scenarios. A new challenge in
soft robotics is the fabrication of SMP smart structures fabricated with embedded
resistive wires, to improve SMPs usage [20, 21].

The low Tg (50–65 °C) of Polylactic Acid (PLA) makes it the most used thermo-
plastic polymers to fabricate SMPs [12] in Fused Filament Fabrication (FFF) tech-
nology. In general, FFF printing parameters (infill and pattern) that affect recovery
time and recovery rate of SMP structures has been largely studied [14, 22, 23].
Cesarano et al. [24] analyzed the SMP response at different time–temperature combi-
nations and programming parameters. Ehrmann et al. [25] performed mechanical
destructive tests and investigate the recovery rate of PLA sample changing infill
patterns and percentage. Roudbarian et al. [26] improved the shape memory effect
(SME) of PLA by followingmulti-layered andmulti-material approaches. Yang et al.
[27] improved physical properties of 3D-printed SMP parts by tuning appropriate
process parameters.

Moreover, a new way to exploit the SME in FFF structures is the fabrication of
structures composed of SMP parts and links made of non-shape memory material
actuated with tendon driven [20]. An hybrid actuation system brings several benefits
such as (i) increased bending performance, (ii) use of two materials with different
stiffness degrees in the same printing cycle, and (iii) complex movements impossible
to achieve using only one actuation system [28, 29].

In the present paper, a multi-material FFF approach has been used to create struc-
tures composed of two actuation systems in a single manufacturing cycle: SMP parts
connected to soft parts (actuated using a tendon-driven system).

A novel method to enhance the additively manufactured SMP performance is
also presented: resistive nichrome (NiCr) wires have been embedded inside the 3D
printed SMP during the fabrication process (using the stop and go method), in order
to make the SMA activation step easier, more feasible and faster. Several complex
motionswere obtainedwhen the 3D printed structures (SMP and tendon driven) were
activated, resulting appealing for the fabrication of soft robots mimicking animals,
and showing that such complex motions are impossible to obtain using only one
actuation system.
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2 Shape Memory Polymers (SMPs) and Tendon Driven
Characterization

The main idea of the present work is the one-shot fabrication of a complex, hybrid-
actuated structure combiningSMPand tendondriven system, in order to obtained bio-
inspired motions [30]. To achieve this goal, a multi-material FFF machine, namely
Ultimaker 5 (Ultimaker, The Netherlands) was used. the following parts have been
fabricated in the samemanufacturing cycle: (i) stiff partsmade upwith polylactic acid
(PLA), with embedded NiCr wire coils (0.6 mm diameter, maximum temperature
1150 °C), (ii) flexible-soft joints made up with thermoplastic polyurethane (TPU).
A 0.4 mm nylon tendon and a stepper motor were used to enabling the mechanical
driven actuation.

2.1 Shape Memory Polymers: Stiff Parts

Before the fabrication of the complete structure, the SMP structure was studied to
choose the best shape for the fabrication of the complex finger actuator. The stiff
parts were printed using the process parameters listed in Table 1. In particular, as
known from scientific literature [31], low values of printing speed and layer height
(lh) increas the quality of the parts: in this work, the printing speed was set at 45 and
25 mm/s respectively for PLA and TPU, and the layer height at 0.1 mm. Moreover,
the 45° raster orientation was used to overcome the sinking problem of the empty
part (channels to embed resistive wires), and a maximum infill percentage of 100%
was used to overcome the low heat diffusivity of the polymer.

PLA is characterized by a glass transaction temperature (Tg) between 55 and 65
°C (technical datasheet). Moreover, the start-and-stop (S&S) method [32] was used
to embedded the NiCr wire inside the PLA parts: with a G-code modification it has
been possible to pause the print, manually embed the wire and finally resume the
manufacturing process to cover the NiCr wire, as shown in Fig. 1. The embedding
of NiCr wire during the S&S is a manual process and strongly related to the operator
skills, however it took the authors an average of 2 min to accomplish that.

Five different rectangular-sample (R0–) SMA structures, with embedded NiCr
wires, have been designed and fabricated to evaluate the best shape in terms of

Table 1 Printing parameters
Printing parameters PLA (Stiff parts) TPU (Soft joints)

Printing speed (mm/s) 45 25

Infill percentage (%) 100–Lines 80–Lines

Raster angle (°) 45 45

Printing temperature (°C) 210 235

Layer height (mm) 0.1 0.1
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Fig. 1 A NiCr embedded process: a 3D printing process stopped when printing of sample channel
is finished; b embedded NiCr resistance; c finale sample with embedded resistance after resumed
printed

performance. The different SMP structures have been named R01, R02, R03, R04
andR05, respectivelywith x–y dimensions of 45× 18mm, 30× 30mm, 28× 10mm,
20 × 30 mm, 40 × 10 mm (see Fig. 2), keeping the thickness unchanged (fixed at
1.8mm).Thedimensions of thefivedifferent structures have been arbitrarily selected,
in order to evaluate (i) the repeatability of the embedding process into different
geometries, and (ii) how the dimensions of the structures affect their performance.
Every version of the SMP-stiff part has been monolithically fabricated in a single-
step printing cycle, resulting time and cost savings: for example, for R01 and R02
the time and cost are respectively 10 and 13 min, and 0.076 and 0.098 euro. It is
worth mentioning that the spacing among the channel that housed the NiCr wire,
has been set equal to 0.6 mm: this value was experimentally found as the minimum
value ensuring a good 3D printing quality.

2.1.1 SMP-Stiff Part Compliance

For the characterization of the SMP-stiff part, the relationship between PLA compli-
ance and local heating is studied. An ad hoc set-up was used to evaluate the compli-
ance factor: (a) a power supply to heat up the embedded NiCr resistance, (b) a
thermal imaging camera to evaluate the temperature of the NiCr wire, (c) weight of
50 and 75 g connected to the sample, and (d) a digital camera to take pictures at each
increment of temperature to calculate the displacement.

The temperature of NiCr wire was incremented, starting from room temperature
Troom, toTg and the compliancewas calculated at 50, 55, 60 and65 °C: a continuous
current of 1.65A (tension of 6.30 V) was applied. Each R-sample was tested three
times, calculating the standard deviation of the compliance factor for the different
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Fig. 2 Printed r-sample finished and internal channels

temperatures setting (see Table 2). Moreover, each sample was activated again to
test the recovery shape, according to the SME. The compliance factor Cm

[
mm
N

]
was

calculated in according to [20].

Cm = 1

S
(1)

where S is the stiffness of the part, calculated as the ration of the applied force F[N ]
and the d, sample displacement [mm]:

S = F

d
(2)

Table 2 PLA stiff R-samples: compliance factor �Cm/Cm0 versus temperature and load

T (°C) �Cm/Cm0 mean (Std. dev) Load (g)

R01 R02 R03 R04 R05

50 2.97 (<0.001)
2.31 (0.003)

0.45 (<0.001)
1.39 (<0.001)

0.43 (<0.001)
0.60 (0.05)

1.01 (<0.001)
0.12 (<0.001)

4.92 (<0.001)
2.68 (<0.001)

50
75

55 4.02 (<0.001)
2.92 (<0.001)

1.89 (<0.001)
2.09 (0.02)

1.48 (<0.001)
1.36 (<0.001)

1.22 (0.09)
1.29 (0.003)

5.67 (<0.001)
4.40 (<0.001)

50
75

60 5.89 (0.02)
3.73 (<0.001)

4.04 (0.02)
3.43 (0.01)

1.67 (0.002)
2.40 (0.002)

2.63 (0.15)
3.17 (<0.001)

8.23(0.05)
5.19 (<0.001)

50
75

65 7.75 (0.12)
5.12 (0.002)

6.81 (0.03)
5.66 (0.02)

2.24 (0.17)
4.07 (0.01)

3.32 (0.02)
3.98 (0.03)

9.04 (0.16)
6.02 (0.06)

50
75
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Starting from Troom, associated toCm0, for each tested-temperatures the absolute
compliance (�Cm) was calculated. R05 is the best in terms of compliance change,
showing the maximum absolute compliance factor of 6.02 at 75g load and 65 °C. In
Fig. 3 the absolute compliance for all the samples is shown.

Additionally, the testing phase has been used to obtain the behavior of the SMP
samples at the fist activation (shape transforming phase) and at the second activation
(shape recovery phase): such as the compliance testing, two loads (50 and 75 g),
respectively generating two forces of F1 = 0.49N and F2 = 0.74N, were used.
Firstly, for each rectangular sample, the internal NiCr resistance was heated from
Troom to T65 °C switching respectively from the rest position (initial) to final
shape position, for each load. Secondly, each sample, after cooling, was re-heated
from Troom to T65 °C, respectively from shape position to recovery position (see
Fig. 4). For the above-mentioned temperature values (50, 55, 60, and 65 °C) the
displacement d was measured for each sample, during each test (see Table 2). 1.65A
of current was used. Moreover, the shaping and recovery time were measured to
evaluate the actuation time for each sample (see Fig. 6). Particularly, as shown in
Fig. 4e), the R05 sample confirms the compliance factor, resulting the only sample
with a recovery position almost similar to the initial position. For example, the R05
changes its displacement from starting position to d50g = 31.12mm in 6 s and
d75g = 36.52mm in 8 s respectively with 50 and 75 g load (see Fig. 4d). Finally, the
R01 and R05 samples was tested in a vertical position to evaluate the bending angle
with G-force application, as shown in Fig. 5.

As shown in Figs. 4 and 5, non-uniform deformation have been gotten: this might
lead to unwanted failures during the exploitation of the SMP actuator. Due to the
extremely huge design freedom offered from Additive Manufacturing (AM), new
shapes can be easily fabricated to overcome this issue.

Concluding, R05 sample appears to be the best SMP-sample according to the
performances shown. The R05 sample results the best in terms of (i) absolute compli-
ance factor, (ii) SMP behavior with integration of NiCr wire for shape-recovery and
(iii) low activation and recovery time. The impact of the manufacturing process on
the performance shown by R05 have also been evaluated: five replications of R05
have been fabricated and tested. The standard deviation calculated while applying
75 g for the absolute compliance factor �Cm , activation time, and recovery time
was respectively 0.7 (mean of 6.3), 1.3 (mean 7.2 s), and 2.1 (mean of 12.8 s). It
stands out that the fabrication process is repeatable and has a very low impact on
the performance shown from the SMP actuators. Also, from a geometric standpoint
the R05 samples shows the highest ratio length/width (40 mm/10 mm): this might
be related to the improved performances obtained, however more experiments are
needed.

Also, a first attempt to characterize the fatigue life on R05 has been made:
10 consecutive activation cycles have been performed and the activation position,
recovery position, activation time and recovery time were evaluated. In particular,
all the four outputs shown a very low standard deviation (statistically not significant
for every output), suggesting more cycles are needed to further study the fatigue
behavior.
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Fig. 3 Tested samples: a compliance variation with 50 g load application during temperature
variation; b compliance variation with 75 g load application during temperature variation
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Fig. 4 Shape memory effect of tested samples comparing activation (using 50 and 75 g load) and
recovery positions: a sample R01; b sample R02; c sample R03; d sample R04; e sample R05
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Fig. 5 Shape Memory Effect of tested vertical samples comparing activation (using 50 and 75 g
load) and recovery positions: a sample R01; b sample R05

Since the R05 appear to be themost promising sample, twomore variables such as
Shape fixity and Shape recovery were evaluated based on 5 consecutive experiments
performed on the same R05 sample: when applying 75 g as load, a mean shape fixity
of 51° (standard deviation of 4.8°) and shepe recovery of 14° (standard deviation of
1.8°) was found. As shown in Fig. 5, the shape fixity and shape recovery values were
calculated with respect to the origin.

2.2 Soft Joint: Tendon Driven Actuation

The SMP part, in the final version of the dual-mode actuator, is connected with a
soft joint made up with TPU 95A, activated via a tendon-driven system (see Fig. 8a).
In particular, mesh overlapping (mo), infill percentage (i p) and printing temperature
of TPU were studied: three values of mesh overlapping were tested (0.15, 0.20,
and 0.25 mm) combined to 50 and 80% of i p. In according to [33, 34], a T shape
of the contact face between PLA and TPU was designed. After printing, the mesh
overlapping and i p were tested with application of three different force of 5, 10, 20
N and 0.25 mm–80% were chosen for the following reasons:

• When a mesh overlapping of 0.15 mm (at 50 and 80% of in fill percentage) is
set (Fig. 7a), the adhesion to PLA and TPU was not complete, and it led to the
detachment of the joint during the force application

• Increasing the mesh overlapping to 0.20 and 0.25 mm, the adhesion between PLA
and TPU increase, although the joint collapse in the range of 10–20 N when 50%
of i p was set (see Fig. 7b)
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Fig. 6 Shaping time of R-sample during the first activation and during the second activation
(recovery): a shaping time using 50 g load; b shaping time using 75 g load

• The 80% of infill percentage is a good compromise between the soft behaviour
of the joint and the adhesion at the interface, setting 0.25 mm mesh overlapping
(see Fig. 7c, d).

With a trial-and-error approach, the printing temperature of TPU was set at 240
°C to increase the adhesion to PLA: it is important to note that when temperature
increase, proportional to mesh overlapping (set at 0.25 mm) and ip (set at 80%), the
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Fig. 7 Interface TPU-PLA tensile test: a collapsed joint with application of 5 N and mesh over-
lapping (mo) sets at 0.15 mm; b joint dilatation using 50% infill percentage (ip); c 10 N force
application using 80% ip and 0.25 mm of mo; d 20 N force application

Fig. 8 Computer Aided Design (CAD) of complex finger structure: a representation of entirely
structure; b interface between soft joint and stiff parts; c internal resistance channels; d dimension
of the structure
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joint became very functional and this parameters make the interface between PLA
and TPU stronger.

3 Characterization of Dual-Activated (SMPs
and Tendon-Driven) Structure

The proposed structure takes advantage of two actuation systems (SMP and tendon
driven) resulting composed of PLA segments (SMP) and TPU segments (tendon
driven) connected each others, as shown in Fig. 8.

The main reason leading to a dual actuation structure is the possibility to achieve
complex motions (i.e. bending, twisting) impossible to achieve using a single actu-
ation system. This structure is characterized by a manufacturing time and cost,
respectively of 21 min and 0.89 Euro.

The fabricated finger was tested three times for each kind actuation system: (i)
SMP actuation, (ii) tendon driven actuation and (iii) both actuation (combination
of SMP actuation and tendon driven actuation). The tests were performed starting
from resting condition (structure laying on the x-axis of Fig. 9): 1.68 A of current
was provided to the NiCr wires to activate the SMP actuation, while a stepper motor
was used to pull the tendon wire (tendon-driven actuation). When both the actuation
systems were used at the same time, as shown in Fig. 9a), very complex motions
were achieved: both bending and twisting were obtained. It is worth mentioning that
no damages occurred after the three repetitions, however more tested have to be
performed to quantify the fatigue behavior on soft robotics actuators.

It is necessary to note that the following limitations were present in this work:

• the number of the test on the complex actuator are not sufficiently to define a final
behavior model, to estimate the right repetition of the movements.

• the tendon driven activation is faster than the SMP activation. An important part
of future studies will be the reduction of the cooling time for the SMP by adding
external cooling systems such as fan or cold water channels

4 Conclusions

In the present paper, amulti-material FFF approachwas used for themonolithic fabri-
cation of a structure able to perform several unconventional movements combining
two different types of actuations: SMP system and tendon-driven system. The start
and stop method has been successfully used to embed NiCr wires inside SMP
structures making them more appealing for real-life scenarios overcoming the high
activation time occurring when hot water or oven are used.
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Fig. 9 Motions of complex finger structure, actuated using SMP actuation, Tendon driven actuation
and both SMP and Tendon actuation: a real bending actuation; b software mapping
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The present work lays the foundation (i) for an extensively usage of FFF tech-
nology to fabricate soft robots performing complex motions and (ii) for the fabri-
cation of SMP-based structures with improved performance. Further investigation
based on modelling the behavior of the proposed SMP actuators in relationship with
the process parameters set in the slicing software will be performed.

References

1. Stano G, Percoco G (2021) Additive manufacturing aimed to soft robots fabrication: a review.
Extrem Mech Lett 42:101079. https://doi.org/10.1016/j.eml.2020.101079
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Aerosol Jet Printing of 3D Biocompatible
Gold Nanoparticle-Based
Micro-Structures

Miriam Seiti, Paola Serena Ginestra, and Eleonora Ferraris

Abstract Aerosol Jet® Printing (AJ®P) is an additive manufacturing (AM) tech-
nique for the deposition of a functionalized jet on free-form substrates. AJ®P is
mainly exploited for 2D printed electronics, nevertheless, is gaining attention in the
bioelectronic field. Few emerging studies have also established AJ®P as a micro-
AM 3D printing technique. In this context, the 3D AJ®P process has not been deeply
analysed yet. This work proposes an unique study of novel 3D AJ® printed gold
microstructures, as arrays of micropillars ≥40 μm, with aspect ratios ARs ≤9 and
print times ≤10 min. Print parameters were investigated via a full factorial design
against shape fidelity and resolution, using a layer-by-layer strategy. Specimens were
thermally sintered, without any binding. Optical, electrical, and biocompatibility
tests were conducted and a flexible 3D microelectrode array was printed as proof-
of-concept. Future applications include in-vitro bioelectronics, thermoelectric, and
batteries.

Keywords Additive manufacturing · Biomedical applications · Gold nanoparticle
ink

1 Introduction

Since the late 1960s, micromanufacturing processes are being continuously inves-
tigated and improved for a variety of advanced applications, especially in the elec-
tronic, medical, automotive, and biotechnology industries [1]. Representative prod-
ucts of such technologies include (opto)micro-electromechanical systems (MEMS),
micro-electronics, microfluidics, and bioelectronics.
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In this context, the development and exploitation of three-dimensional (3D) peri-
odic microstructures with high aspect ratios (ARs) gained a considerable atten-
tion, especially for MEMS [2], micro-actuators [3], electrophysiological [4], micro-
sensors [5], and scaffolds for cell guidance [6]. The major traditional microfabrica-
tion technologies refer to lithography-based processes (photolithography, molding,
chemical etching, laser ablation, etc.) and micromachining processes (EDM, micro-
extrusion, micro-injection molding, micro-embossing, etc.) [7]. In the last 40 years,
Additive Manufacturing (AM) opened up even more possibilities for customized
and versatile three-dimensional (3D) microstructures, especially with the use of
stereolithography (SLA), fused filament fabrication (FFF), 3D Direct Writing (DW)
techniques and hybrid technologies.

Particularly, 3D-DW techniques include droplet-, energy beam-, flow-, and tip-
based (or nozzle) writing processes [8]. Among them, 3D-DW nozzle-based tech-
niques (e.g. syringe- or jet-based printing) deal with viscoelastic inks which can be
focalized or extruded through a deposition nozzle in a layer-by-layer (LBL) strategy
for building up 3D complex and periodic structures at meso- and micro-scales [9].
A wide range of materials, among which metals, polymers, ceramics, and biological
compounds, can be singularly or simultaneously printed for multifunctional devices.

Aerosol Jet® Printing (AJ®P) is an AM-DW nozzle-based technique which has
been introduced in the market since the 1990s [10]. AJ®P has been conventionally
used for the printed electronics (PE) industry, especially for the two-dimensional
(2D) deposition of functional inks for passive and active elements on free-form
substrates (3 or 5-axes platform) [11]. Examples of AJ® printed devices are flexible
antennas [12], strain sensors [13], wearable devices [14], electrochemical sensors
[15], batteries [16], and so on. The technology concerns the printing of inks in a
liquid form which can be further aerosolized by means of a pneumatic or ultra-
sonic approach. Such inks can have a wide viscosity range of [1–1000] mPas, as
long as their loading content has a particle size less than 500 μm. The final printed
constructs can feature a size starting from 15 μm, with a minimum thickness of
hundreds of nm. Moreover, differently from inkjet printing, AJ®P offers a vari-
able stand-off distance, z [mm], from 1 to 5 mm. Because of such versatility, AJ®P
has recently gained attention for life science, and tissue engineering (TE) applica-
tions [17–20]. AJ®P commercial inks are typically PE inks, including conductive
metal- (such as silver nanoparticles-based, AgNPs inks) and polymer-based disper-
sions, or (UV curable) dielectrics. Most of those inks derive from inkjet dispersions
which have been optimized to work with an AJ®P process. Although the portfolio of
AJ®P inks is positively growing, few or even none of the commercial solutions
can be currently applied for biomedical applications, especially if they are TE-
oriented. Indeed,most of the traditional PE co-solvents applied in the ink formulation
(such as xylenes, oils, and specific alcohols or glycols) generally induce a cytotoxic
compounds in the cell culture, causing an unhealthy cellular state, which eventually
leads to death. Therefore, novel biocompatible solutions have been proposed and
successfully 2D AJ® printed, including natural (e.g. collagen [21], silk fibroin [22],
gelatin [23]) or synthetic polymers (poly(3,4-ethylenedioxythiophene) polystyrene
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sulfonate, PEDOT:PSS [17]), carbon-based (graphene, [24], carbon nanotubes [25],
carbon ashes [25]), and also biological compounds (proteins [26]).

Very few among these inks can be exploited for bioelectrical interfaces, such as
graphene and PEDOT:PSS-based solutions. Although their competitive cost, a trade-
off between electronic/ionic conductivity and biocompatibility is inevitable when
compared to precious noble metals, as gold or platinum. For instance, commercial
gold nanoparticles (AuNPs)- or platinum nanoparticles (PtNPs)-based inks (mainly
available for inkjet printing) have a conductivity 2 or 3 orders of magnitude higher
than polymer-based inks. Their use is thus preferred for specific (bio)electronic appli-
cations which require high sensing performances and excellent oxidation stability,
without compromising the biocompatibility. AuNPs-based inks are unique solu-
tions with outstanding tunable properties (e.g., optical, thermal, electrical) and have
been exploited for surface coating and PE, including electrochemical sensors [27],
humidity sensors [28], and biosensors [29, 30]. The AuNPs composition can be
adjusted for the desired application in terms of shape, size and surface chemistry
[31] and the co-solvents can be selected to have low levels of cytotoxicity. In this
way, they can be used also in TE, drug delivery and cancer therapy [32–34].

Since 2017, a couple of emerging studies demonstrated the capability to use
the AJ®P technology for 3D micro-structuring and micro-fabrication (here referred
as 3D AJ®P), including AgNPs-based lattices and micropillars arrays at ARs ~20
[35], AuNPs-based pillars at an AR ~3.5 [30], photo-reactive polymers-based pillars
at ARs ≤ 11 [36], and PEDOT:PSS–CNTs-based micropillars at an AR ~3.3
[37]. However, these works lack of a thorough investigation of the effects of 3D
AJ®P parameters on the printed microstructures, fundamental for evaluating the
repeatability and process window.

Therefore, this manuscript aims to be among the first works that investigate and
optimize the 3D AJ®P process via a design of experiment (DOE) approach for
the 3D printing of periodic conductive microstructures (micropillars) against shape
fidelity and reliability. A novel 3D AJ®P AuNPs-based ink is selected for the study,
along with a validation of its conductivity and biocompatibility. Lastly, a flexible
3D microelectrode array chip is printed as proof-of-concept. Such 3D AuNPs-AJ®

printed microstructures offer an exciting potential in a vast range of 3D electrical and
bioelectrical applications, including energy harvesting devices, (bio)sensors, in-vitro
electrophysiology and lab-on-chip devices.

2 Materials and Methods

The AJ®P process atomizes and deposits functional inks on free-form substrates,
with a resolution scale up to 15 μm in line width and hundreds of nm in thickness
[10]. In this study, the AJ®P ultrasonic configuration (U-AJ®P) will be investigated.
Figure 1 reports the schematic visualisation of the 3D-AJ®P process, divided into its
three main subprocesses: ink atomization and transport, collimation and in-flight jet,
and aerosol impaction and impingement. In details, the selected ink is positioned into
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an ultrasonic bath and it is sonically excited till the generation of atomized micro-
droplets from its surface. The aerosolized mist is then transported via an inert gas
(N2) called carrier gas flow, CGF = [0–50] sccm, into a transport tube. This tube is
directly connected to the print head, in which a second inert gas (N2), named sheath
gas flow, SGF = [0–200] sccm, aerodynamically focuses the mist into an aerosol
jet. The jet exits the nozzle and the in-flight jet later impacts on the substrate at a
decided stand-off distance, z [mm] of 3 mm, following a precise computer-aided
design (CAD) file. A post-printing process is usually applied to sinter the printed
metal-based structure.CGF and SGF are therefore considered two crucial parameters
for the transport and in-flight of the aerosol jet. The ratio between SGF and CGF
is known as focusing ratio Rf = SGF

CGF ≥ 1, for a converged and focused aerosol
jet which reduces undesired deposited satellite (or outlier) droplets at the edges of
the printed patterns (known as overspray, OS). Moreover, high values of the platen
temperature, T [°C] can allow a fast evaporation of the ink (co-)solvents, inducing a
pre-sintering process for the building-up of 3D microstructures [39].

Fig. 1 Schematic figure of the 3D-AJ®P process, highlighting the three main sub-processes: (i)
atomization and transport, (ii) collimation and in-flight jet, and (iii) impaction and impingement
of the aerosol jet. Figure adapted from Degryse et al., International Conference on Biofabrication,
2021 [38]
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2.1 Ink and Substrate

An AuNPs-based ink was developed in partnership with NovaCentrix
(©NovaCentrix, Austin, TX, USA) and used for U-AJ®P. The AuNPs-based ink
chosen is a water-based dispersion with 45 wt% loading content and ethylene glycol
(EG) as main co-solvent, in order to carry and avoid drying of the aerosol mist during
the transport and in-flight phases.

The ink was 2D-AJ® printed for electrical and biocompatibility assays in its
standard formulation, while 3D-AJ® printed in a diluted version with MilliQ water,
in a ratio of 2:1. The electrical resistance was tested for both formulations. For
print investigations, glass slides (Superfrost, VWR, BE) were chosen as reference
substrate. Prior to use, the substrates were cleaned with distilled water (DI) and 2-
propanol (IPA, Sigma Aldrich, BE) in an ultrasonic bath at T = 25 °C for 15 min
(EMMI—20 HC, Emag). At same conditions, the ink was sonicated before the print
process.

2.2 Process Investigation

The print process was carried out with an AJ®P 300 s system (©Optomec, Albu-
querque, USA) using the ultrasonic configuration. The AJ®P print strategy selected
is 3D-LBL [39], which is the classic approach used in 3D prototyping following a
given CAD pattern.

In this case, the pattern used was an array of 6 × 4 circles with a diameter of
50 μm and an inter-spacing of 90 μm, which the CAD file was converted in a.prg
toolpath code in accordance with VM Tools (©VMware inc., USA). A full-factorial
design of experiment (DOE) of the type 2k (k > 0), with k= 3 (three repetitions) was
performed in order to investigate the influence of print parameters on themicropillars
characteristics. The following factors were analysed: SGF (35; 70) sccm, speed s
(0.4; 0.8) mm/s, and T (40, 80) [°C], selected based on the operator experience and
preliminary tests. A nozzle with a diameter of ∅ = 150 [μm] and a number of printed
layers equal to n= 25were chosen for the investigation.Moreover, theCGF was kept
fixed at 15 sccm frompreliminary trials performed to obtain a continuous and uniform
aerosol jet deposition. A Printability and Shape Fidelity Index, �[#], 0 ≤ � ≤ 1
was calculated as quantitative response of interest for the full factorial design. More
information are reported in the following section.

Table 1 reports an overview about the print parameters investigated at ambient
conditions (22 °C, 55% rh). Before printing, the AuNPs-based ink was sonicated
in the U-AJ®P system for 60 min at 45 V, while the substrate was kept on the
print platform for 10 min in order to be thermally in equilibrium with the platen
temperature. The green parts were then thermally sintered in an oven at 200 °C for
1.5 h (Heraeus, GmbH) in order to allow solvents evaporation and the obtainment of
a continuous and conductive NPs network.
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Table 1 AJ® print experimental tests on an AuNPs-based ink. A full factorial design is chosen to
investigate the Printability and Shape Fidelity Index, �[#] by varying three factors, that is SGF, s,
and T, (two levels each), and three repetitions for every condition (from A to H)

Full factorial design 2 k (k = 3) for 3D printed AuNPs-based micropillars

Factors Levels

Sheath gas flow, SGF [sccm] 35 70

Print speed, s [mm/s] 0.4 0.8

Platen temperature, T [°C] 40 80

Repetitions [#] 3

Response Printability and shape fidelity index, �[#]

Conditions analyzed

Condition SGF [sccm] s [mm/s] T [°C]

A 35 0.4 40

B 70 0.4 40

C 35 0.4 80

D 70 0.4 80

E 35 0.8 40

F 70 0.8 40

G 35 0.8 80

H 70 0.8 80

Fixed parameters Values

Sample design Array of 6 × 4 circles, ∅ = 50 μm

Substrate Glass slides, VWR Superfrost® Plus Micro Slide

Nozzle diameter, ∅ [μm] 150

Stand-off distance, z [mm] 3

Number of layers, n [#] 25

Carrier gas flow, CGF [sccm] 15

2.3 Sample Characterization

Printability and shape fidelity index

For each DOE condition (from A to H), the front raw composed of six 3D-LBL
AJ® printed pillars was analyzed. The geometrical and shape fidelity of each pillar
was assessed by calculating its height, h [μm], bending angle, α [rad] (from the
substrate), middle diameter ∅1 [μm] and top diameter ∅2 [μm].

Three indexes were considered in the evaluation of�[#], that is (i) the uniformity
error εu[#], (ii) the AR index i AR [#], and (iii) the bending angle error εα[#]. Equa-
tion (1) defines εu as the ratio between the normalized difference of the middle and
the top diameter on the middle one, in absolute values.
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εu =
∣
∣
∣
∣

(∅1 − ∅2)

∅1

∣
∣
∣
∣
, 0 ≤ εu ≤ 1 (1)

It was decided not to consider the base diameter of the pillars due to the unavoid-
able presence of OS, which accumulates at every printed layers. Equation (2)
determines i AR as.

the ratio between the maximum value among the two diameters and the height, in
absolute values (e.g. the inverse of the aspect ratio). This means that the processing
conditions are optimized for a minimum i AR , which means a maximum AR.

iAR =
∣
∣
∣
∣

max(∅1,∅2)

h

∣
∣
∣
∣
, 0 ≤ εAR ≤ 1 (2)

In this case, the highest value between ∅1 and ∅2 was selected instead of the mean
value due to the presence of a tip narrowing effect, especially for some conditions in
which the two values differ of a factor more than 3. Equation (3), instead, describes
εα as the absolute value of the normalized difference between an angle of π

2 and the
bending angle α.

εα =
∣
∣
∣
∣
∣

(
π
2 − α

)

π
2

∣
∣
∣
∣
∣
, 0 ≤ εα ≤ 1 (3)

Finally, � is defined as the normalized sum of the three indexes, as reported in
Eq. (4).

� = (εu + i AR + εα)

3
, 0 ≤ � ≤ 1 (4)

Therefore, in ideal conditions (� = 0) the printed pillar is a similar to a perfect
cylinder, with theminimumvariation of diameter throughout the height,α = π

2 , and a
maximumAR. For each subset, themeanμ [μm] and standard deviation σ (e.g.,μ ±
σ ) of geometrical and error values were computed and analyzed. Statistical analyses
and multiple regression modelling were performed via the software Minitab® 2022.

Optical and morphological analysis

Samples were optically inspected via a KH 8700 (©Hirox, Japan) microscope and
TescanVega3 scanning electronmicroscope (SEM) (TescanOrsayHolding as.Czech
Republic). Image analyses were carried out with the software ImageJ.

Electrical analysis

The electrical resistance, R[�], of the ink was validated by 2D-AJ® printing four
squares (6 × 6 mm) with a two-point probe method, three repetitions each (Digital
Multimeter 73 III, Fluke). The parameters selected were: ∅nozzle = 300 μm, s =
10 mm/s, A = 30 sccm, S = 40 sccm, T = 40 °C, and 10 layers. The post-process
sintering was carried out as previously explained.
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Biocompatibility analysis

An immunofluorescence assay on human fibroblasts (HFs) at day 5 was conducted
in order to observe their adhesion and morphology (nuclei and cytoskeleton) on AJ®

printed AuNPs squares, same as the one used for R testing. Plastic was used as posi-
tive control. Before cell seeding, all the substrates were washed three times with
a phosphate buffer solution (PBS, 1x, Sigma Aldrich, IT), and further autoclaved
for sterilization. HFs (BJ cell line ATCC® CRL-2522™) at a concentration of 5
× 104 cells cm–2 were seeded onto the samples and incubated for 30 min. Later,
a Dulbecco’s modified Eagle’s medium (DMEM) was added as medium culture,
supplemented with 1% penicillin/streptomycin, 10% fetal bovine serum, and 1%
L-glutamine (©Euroclone S.P.A., IT). Afterwards, cells were maintained in the incu-
bator at 37 °C in a saturatedhumidity atmosphere of 95%air and5%CO2.After 5 days
of cell culturing, HFs were fixed for 30 min (fixation and permeabilization, 15 min
each) with a Fix&Perm Sample Kit® (SIC). Subsequently, cells were incubated for
45min with a blocking solution (iBind™5XBuffer, Invitrogen), further stained with
Phalloidin (Sigma Aldrich) for cytoskeletal visualization, and finally counterstained
for 5 min with Hoechst 33,342 for nuclei determination. The resulting samples were
fixed on glass coverslips and optically analysed with an inverted fluorescence micro-
scope (Olympus IX70) and with Image-Pro Plus software v.7.0 (Media Cybernetics),
respectively.

3 Results and Discussion

3.1 Geometrical Analysis

Figure 2 shows representative optical images of 3D-LBL AJ® printed AuNPs-based
micropillars at the different conditions (from A to H). Moreover, Table 2 reports
the data (μ ± σ) of the dimensional analysis (h [μm], α [rad], ∅1 [μm], ∅2 [μm])
performed for each printing condition selected in the full factorial design 2 k (k =
3, from A to H). Every 3D micropillars printing condition lasted less than 10 min.
The maximum pillar height achieved was equal to h = (435.67 ± 0.01) μm at the
condition C (35, 0.4, 80), with the highest ARC = 9.3, while the minimum one, h
= (216.39 ± 0.01) μm, was obtained at the condition F (70, 0.8, 40), with ARF =
5.4. Compared to the expected CAD file (circle with ∅ = 50 μm), the printed pillars
generally showed a variation between the middle ∅1 and the top ∅2 diameter. Overall,
a deviation from the CAD fidelity is always expected in every condition, and it was
detected less than 6% in the conditions B, C, and D. In this case, it was selected a
post-printing thermal treatment. Sintering processes on AJ® printed inks are well-
known to induce a shrinkage effect of about 20% [40, 41], which strongly depends
on the concentrations of loading particle and co-solvents present in the ink. For this
reason, a CAD fidelity factor cannot be considered in the DOE analysis. Finally, α
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Fig. 2 Representative images and conditions of the full factorial design 2k (k = 3) performed for
3D AJ® printed AuNPs-based micropillars

Table 2 Geometrical analysis on 3D-LBLAJ® printedAuNPs-basedmicropillars values of height,
h [μm], bending angle, α [rad], middle ∅1 [μm] and top ∅2 [μm] diameters, based on the different
DOE conditions (from A to H)

Geometrical analysis of 3D-LBL AJ® printed micropillars, (μ ± σ )

Height, h [μm] Bending angle, α [rad] Middle ∅1 [μm] Top ∅2 [μm]

A 355.94 ± 0.01 1.58 ± 0.03 41.36 ± 0.01 41.94 ± 0.01

B 265.78 ± 0.01 1.52 ± 0.21 46.56 ± 0.01 47.83 ± 0.01

C 435.67 ± 0.01 1.55 ± 0.03 47.61 ± 0.01 46.94 ± 0.01

D 345.06 ± 0.01 1.58 ± 0.04 51.28 ± 0.01 47.39 ± 0.01

E 228.61 ± 0.01 1.51 ± 0.24 30.06 ± 0.01 32.52 ± 0.01

F 216.39 ± 0.01 1.57 ± 0.03 39.67 ± 0.01 22.39 ± 0.01

G 248.70 ± 0.01 1.61 ± 0.04 36.44 ± 0.01 33.06 ± 0.01

H 262.61 ± 0.01 1.64 ± 0.04 44.44 ± 0.01 16.17 ± 0.01

ranged between 0.083 ≤ α ≤ 0.018 . In every condition analyzed, the bending of
the pillars was indeed a minor defect, as reported in Table 2.

3.2 Process Investigation Analysis

The print parameters SGF (35;70) sccm, s (0.4;0.8) mm/s, and T (40,80) [°C] were
investigated. The errors εu , i AR , εα , and the final �[#] are reported in Table 3. As
first, εα has the lowest effect on �, with a range of 0.018 ≤ εα ≤ 0.083. This was
already evident from the previous data about α values. Instead, a wider range is
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obtained for i AR , that is 0.12 ≤ i AR ≤ 0.19, and the largest one for εu , that is 0.05
≤ εu ≤ 0.63. Therefore, the uniformity error, which measures the shape uniformity
of the pillars along the printed layers, is the most variable. The smallest � = (0.20
± 0.05) and the highest � = (0.85 ± 0.05) values were obtained at the conditions C
(35, 0.4, 80), and H (70, 0.8, 80), respectively. Visual observations show that s has
a stronger effect over �. Particularly, at higher s, the pillars geometry is distorted
and deformed, increasing εu and i AR . . For instance, at the condition H (70, 0.8, 80),
the two diameters measured are equal to ∅1 = (44.44 ± 0.01) μm and ∅2 = (16.17
± 0.01) μm, which means that the tip of the pillar is almost 3 times smaller than
the middle diameter, with the maximum εu = (0.63 ± 0.03). Moreover, εα finds its
maximum value at εα = (0.08 ± 0.14) at the condition E (35, 0.8, 40), with the same
s but different SGF and T.

Figure 3 reports the results obtained from the statistical analysis. Figure 3a is
showing the data normal distribution after Johnson transformation (P = 0.495). As
shown in Fig. 3b, the most significant parameter is indeed s, followed by SGF and
T. The main effect plot indicates a strong effect of s, also validated by a P-values
≤ 0.000, compared to the other two parameters, with P-values equal to P-valueSGF
≤ 0.001 and P-valueT ≤ 0.611. Thus, T can be considered almost negligible in the
investigated process window, meaning that there is no significant difference in the
printed patterns at T = 40 or 80 °C. The reason can be found in the normal boiling
pointsNBP of the ink’s co-solvent combination, that is water (NBP= 100 °C) andEG
(NBP = 197 °C), which are higher than the temperatures used in this study. Values
of T ≥ 100 °C may indeed determine an increase of �, along with a decrease in
the micropillars surface quality. As previously mentioned, the tip narrowing effect is
more emphasized at a high s. The pillars diameter is indeedmore uniform throughout
the height at a low s = 0.4 mm/s, while a conical-like shape rather than a cylindrical
one is recognizable at a s = 0.8 mm/s (Fig. 2). This defect is caused by the combined
effect of high s and shutter time (e.g., off time between layers), which does not allow
the printing of a complete circle. Since z is kept steady, at every layer, the aerosol jet

Table 3 Results of the full factorial analysis on 3D-LBL AJ® printed micropillars, (μ, σ) for the
factors εu , i AR, εα , and the final �[#]

Full factorial analysis 2 k (k > 0), k = 3 on 3D-LBL AJ® printed micropillars, (μ ± σ)

Uniformity error, εu Aspect ratio index, iAR Bending error, εα �[#]

A 0.09 ± 0.07 0.12 ± 0.01 0.02 ± 0.01 0.24 ± 0.07

B 0.10 ± 0.05 0.19 ± 0.01 0.03 ± 0.01 0.31 ± 0.04

C 0.05 ± 0.04 0.11 ± 0.01 0.04 ± 0.02 0.20 ± 0.05

D 0.08 ± 0.06 0.15 ± 0.01 0.04 ± 0.02 0.27 ± 0.08

E 0.17 ± 0.17 0.14 ± 0.02 0.08 ± 0.14 0.40 ± 0.29

F 0.43 ± 0.14 0.18 ± 0.02 0.02 ± 0.01 0.63 ± 0.16

G 0.17 ± 0.07 0.15 ± 0.01 0.04 ± 0.02 0.37 ± 0.08

H 0.63 ± 0.03 0.17 ± 0.01 0.04 ± 0.02 ±0.05
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deposited is distributed between the building up of the base and the tip. This effect
is more evident at high T and SGF, resulting in the highest values of �, since the
jet is more focused and the evaporation of the co-solvents is faster, leading to the
deposition of thinner and taller tips. The interaction plot of Fig. 3c indeed confirms
that low values of s and T lead to low �. Alternatively, a low SGF, independently
from the other two parameters, usually results in a low �. Furthermore, Fig. 3d
illustrates the contour plot of � with respect to SGF versus s, validating a decrease
of � at low SGF and s. Also from this graph, it is visible the significancy of s, which
at the highest values can give � ≥ 0.8.

Thus, the best conditions achieved in this process window are at a low s= 0.4mm/
s with 0.20 ≤ � ≤ 0.31, with C (35, 0.4, 80), � = (0.20 ± 0.05) as best condition,
followed by A (35, 0.4, 40), �= (0.24 ± 0.07). Instead, the worst conditions are
achieved at a high s = 0.8 mm/s, with 0.37 ≤ � ≤ 0.85. A linear regression analysis
performed to minimize � also validated the results obtained, with a R-sq = 81.20%
and as optimal solution the combination SGF = 35 sccm and s = 0.4 mm/s, with a
final model equation as shown in Eq. (5):

min� = 0.274 − 0.006x1 − 0.307x2 + 0.020x1 × x2 (5)

with x1 = SGF and x2 = s.

Fig. 3 Results obtained from the statistical analysis of �, indicating a the probability plot, b the
main effects plot, c the interaction plot and, d the contour plot
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Fig. 4 Scanning electron microscopy (SEM) images of sintered a 3D-LBL AJ® printed AuNPs
array of micropillars (6 × 4), with b zoom on a single pillar with visible printed layers

Figure 4 reports two SEM images at different scales of an array of 3D-LBL AJ®

printed AuNPs micropillars at the best condition (C) and n = 15. Figure 4a shows
an array of fully dense and sintered pillars, with a tip diameter of (51.01 ± 1.71) μm
and a single layer thickness of around 5 μm at the last layers (see Fig. 4b). The OS
is also visible and radially distributed at the base of each pillar, for a total diameter
of ca. 140 μm.

3.3 Electrical and Biocompatibility Analysis

Final values ofR in 2DAJ® printed samples were equal to R = 0.29 ± 0.01�, vali-
dating the high AuNPs conductivity. Moreover, immunofluorescent assays of HFs
at day 5 on plastic and AuNPs-based printed films report a good cellular prolifera-
tion (see Fig. 5). Although cells seeded onto the printed films have not reached yet
the confluence as the plastic control (Fig. 5a), their protrusions are elongating and
spreading over the substrate (Fig. 5b). This is a synonym of a healthy environment
for cellular growing and leads to the best proliferation conditions for the cells.
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Fig. 5 Fluorescent microscopy images 10X of HFs cultured onto a plastic control and b AJ®

printed and sintered AuNPs-based films

4 Case Study Test

The best 3D-LBLAJ®P conditionCobtained from theDOEwas ultimately applied in
a proof-of-concept application for the printing of micropillars on the top of a printed
chip. Specifically, a 3D MEA chip is AJ® printed on a Thermoplastic Polyurethanes
(TPU) foil (Grafityp, Houthalen, BE). The design (interconnects and electrodes) used
refers to the 60MEA chip by ©Multi Channel Systems (MCS, Reutlingen, GmbH).
The chip interconnects were printed with a ∅nozzle = 150 μm, s = 3 mm/s, CGF =
15 sccm, SGF = 35 sccm, T = 40 °C, and 3 layers. Subsequently, micropillars of a
diameter of 50 μm were printed on the top of the electrodes for a total of 15 layers.

A post-process sintering was further applied as previously explained. Figure 6
shows a fully AuNPs-based printed 3DMEA chip on a flexible and transparent TPU
foil. The printing time was less than 15 min. Figure 6a indicates the prototype with
an overall.

Fig. 6 Representative images of a a flat and b bended 3D AJ® printed AuNPs-based MEA chip
on a flexible and transparent PET thin film
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dimension of 11.5 × 11.5 mm, with resolution down to 40 ± 0.01 μm and
micropillars electrodes in the range of 150 μm in height. Moreover, Fig. 6b demon-
strates the ability to bend the 3D chip, a feature of potential interest in lab-on-chip
devices, smart textiles and organoid platforms.

5 Conclusions and Future Perspectives

The AM-DW AJ®P process is gaining attention for its versatility to print a wide
variety of functionalized inks for PE and biomedical applications. Mainly developed
for the 2D deposition of electrical inks, recent case studies demonstrated the ability
of the process also as a 3D micro-AM technique. However, an optimization of such
3D AJ®P process has been rarely reported.

In this paper, an innovative conductive AuNPs-based ink is investigated for the
novel 3D-LBL AJ®P production of micropillars by means of a full factorial design
approach. The electrical properties and biocompatibility of the ink were preliminary
verified and the immunofluorescence assay reported healthy conditions of the cells
on conductive printed samples.

The print parameters investigated in the process are the sheath gas SGF [sccm], the
speed s [mm/s], and the platen temperature T [°C]. Themorphology of the samples is
evaluated and a Printability and Shape Fidelity Index �[#], 0 ≤ � ≤ 1, is selected
as response of interest, with � = 0 as the ideal condition. � considers the shape
uniformity and the bending of the printed samples (εu , and εα , respectively), and
maximizes the AR (minimizes iAR). Results of this DOE show a significant effect of
s and SGF on �, while T can be negligible. The best print parameters combination
is obtained with SGF = 35 sccm, s = 0.4 mm/s, T = 80 °C (� = 0.20 ± 0.05) for
the production of fully dense micropillars in less than 10 min, with a height of h ~
436 μm, a diameter of ∅ ~ 47 μm, and a bending of α = 1.55 rads.

Ultimately, as a proof-of-concept application, a 3D MEA chip was 3D-LBL AJ®

printed on a flexible PET foil in less than 15 min, with a resolution down to 40 μm.
Future studies will be focused on the chip characterization and electrophysiological
tests using electro-active cells, such as neural lineages. The potential use of such
microstructures is also towards in-vitro bioelectronics, smart textiles, and energy
harvesting devices.
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Surface Quality Improvement
Techniques for 3D Printed Metal Samples

Mariangela Quarto and Giancarlo Maccarini

Abstract Additive manufacturing technologies can cover the needs for highly
customized components characterized by complex shapes in a short lead time.
Despite the benefits of AM processes, these techniques are generally characterized
by a low-quality surface finish, one of the most important requirements in several
industrial fields. Considering this aspect, it is important to define solutions able to
improve the surface finish to benefit the low lead times and the elevated level of
customization. This study aims to develop surface quality improvement techniques
formetalmaterial extrusion (metal-MEX) samples. Specifically, an investigationwas
carried out to improve the surface finish of AISI630 stainless steel samples fabri-
cated by metal-ME using different approaches (e.g., thermal and mechanical). The
techniques were defined avoiding overstressed components that could be damaged
and evaluating the processing convenience of processing time.

Keywords Surface quality · Additive manufacturing ·Metal-MEX

1 Introduction

In the next two decades, the demand for implantable devices is expected to rise due to
the speedwithwhich theworld’s population grows and ages. This increase in demand
is linked to the inherent complexity of the required implant which paired with the
differences between patients makes difficult their standardization, originating the
challenge of manufacturing high-quality and vastly different implantable devices to
modern engineering [1, 2].

Each device must respond to the specific requirements of the patient, and this
implies an increment in the customization of the parts. For this reason, it is important
to identify new techniques able to produce these kinds of components respecting
all the requirements and coping with geometry and texture challenges. A possible
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solution can be represented by Additive manufacturing (AM) techniques able to
produce highly customized implants. Among all the AM techniques, metal-Material
Extrusion (metal-MEX) is the simplest and most economical technique [3]. It offers
the possibility of producing complex metal parts with high structural integrity but,
is usually characterized by poor and variable surface finishing [4] that in some cases
can affect the technical properties and compromise the required tolerances [5]. In
addition to the surface finishing, also the final mechanical properties of metal-MEX
parts are still under study due to the presence of uncontrolled porosities and defects
[6].

The poor surface quality of the metal-MEX components resulting from a high
surface roughness is mostly due to the tracks related to the layer path [7]. The surface
quality of 3D printed parts is extremely important for the biological outcomes of both
cells and bacteria colonization during in vivo conditions [8]. The improvement of
surface roughness and the evaluation of its texture is still a challenging topic related
to the production of biomedical devices through AM techniques. Post-processing
is a crucial step in additive manufacturing (AM) to enhance the surface finishing
and mechanical properties of the final parts. While AM technologies can produce
complex geometries with high precision, the surface finish of the parts may not
be satisfactory for some applications. Post-processing techniques can be applied to
achieve the desired surface quality and texture [9].

Metal-MEX is characterized by anisotropy and poor surface quality due to surface
texture and staircase effect. In particular, the surface texture originates from a coarse
mesh which approximates the surfaces of the part using too few triangles. This
aspect can be overcome by reducing the dimensions of the triangles which allows an
improvement in the precision of the geometry. On the other side, the staircase effect
is intrinsic to the process and cannot be completely solved since a continuous surface
is approximated by layers having a finite height along the build direction.

Many researchers focused attention on the definition of methods to overcome
these issues [10–13], and the influence of printing parameters on surface quality
was the object of several studies [14–17]. The surface quality of the MEX printed
product or part can be enhanced by optimizing the MEX process parameters like
raster and contour angle, built orientation, air gap, layer thickness, etc. In particular,
the results show that layer thickness and building angle are the most effective factors.
Despite this, it is not possible to reach a very smooth surface only by optimizing the
printing parameters, especially for the metal-MEX, as further treatments (debinding
and sintering) to remove the polymer components are needed [11].

Comparing the metal-MEX to the traditional polymeric MEX the similarities in
the process and the printing issues are a lot. Considering the extensive research
on improving the surface quality of polymeric parts, in this study similar approach
is assessed on the green parts. This means that the treatment for surface quality
improvement is placed in the middle of the process chain, treating the printed parts
before the removal of the polymeric component. Such as reported in Fig. 1, various
kinds of treatment are available and categorized as a function of the methodology
applied. The use of hot solvent vapor is one of the most widely use techniques for
the improvement of polymeric part surface quality. This success can be related to
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the simplicity of the process and the good results obtained [18–20]. Considering that
the metal-MEX prints a filament made up of metal powder and polyoxymethylene
(POM) matrix, the application of vapor of any kind of organic solvent is not allowed
since POM is a thermoplastic polymer nonperishable from acetone. Thus, a thermal
approach was selected.

Another approach that is possible to consider is mechanical surface quality
improvement using, for example, a non-conventional process such asmicro-electrical
dischargemachining (micro-EDM). The use ofmicro-EDM for removing a thin layer
of material from a workpiece offers the advantage of avoiding the mechanical stress
and vibration that is typically generated by traditional machining processes. This
is because the micro-EDM process utilizes high-frequency electrical discharges to
erode the material, rather than cutting tools that can cause mechanical stress and
vibration on the workpiece.

Fig. 1 The main classification of post-processing treatment for roughness improvement [21]
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The absence of contact between the electrode and the workpiece assures the
structural quality of the part. Consequently, in this work, thermal and electrical
approaches have been selected. In particular, the proposed thermal method tries to
improve the surface quality thanks to the assumption that, by providing heat to the
target surface, the material approaches its melt state by arranging itself in a less
constrained manner to the laid layer leading to the occlusion of the surface cavities
associated with the side-by-side of the layer parts. On the other side, the micro-EDM
has been applied assuming that it is possible to remove a thinner layer than the one
laid in the additive process. The quality improvement is evaluated by considering
the surface roughness and the main amplitude parameters by comparing the results
of treated parts with the as-built parts.

This paper aims to evaluate the two cited approaches defining theirmain character-
istics, benefits, and limitations. The research investigates and compares the effective-
ness of these twomethods for improving the surface quality of additivemanufactured
parts basing the analysis on the main roughness parameters (e.g., Ra, Rsk, Rku) and
the possibility of generating visible defects. The final goal is the identification of
which method results in the most significant improvements.

2 Materials and Methods

2.1 Sample Preparation

Samples were produced by the Material Extrusion (MEX) process extruding a fila-
ment made up of AISI630 martensitic stainless-steel powder (90 wt.%), equally
distributed in a polymeric matrix composed of polyoxymethylene (POM) and poly-
olefin. The layer thickness was equal to 0.1 mm, the nozzle temperature is 270 °C
and the components were printed on a building plate with a controlled temperature
equal to 100 °C. 0° building angle was considered.

The printed parts, called green-part, were sent to an external company for
removing themain polymer content (primary binder, i.e. polyoxymethylene) through
a catalytic debinding process at 120 °C, obtaining the brown-part, consisting of pure
metal particles and a residual binder (backbone).

The brown-part was characterized by the same volume and a reduction in mass
with respect to the green-part. The subsequent sintering process at temperatures
immediately below the melting point of the metal allowed to remove the secondary
binder from the brown-part and to sinter the metal particles, filling the cavities left by
the binder. The sintering cycle consisted of two ramps at elevated temperatures with
two different holding times which allow reaching the final physical and mechanical
characteristics of the parts, generating a volume reduction described by the shrinkage
percentages. Further details could not be provided since the post-shaping process
instructions are confidential. The material reaches its final properties in terms of
hardness, strength, and ductility after the sintering phase. Stainless steel AISI630
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samples are characterized by a 40× 10 mm planar surface chosen as a target for the
treatment.

2.2 Thermal Treatment

The thermal treatmentwas carriedout on thegreen-parts (polymer andmetal powder).
The thermal treatment experimental equipment (Fig. 2) consists of a hot-air gun
placed orthogonally to the target surface. This hot-air gun is a popular tool, widely
used in industrial applications for stripping paint and varnish, shaping, welding,
and speeding up the drying process of glued connections and plastic shaping. The
distance between the hot-air gun and the target surface is kept constant (10 mm)
during the experiments in order to compare the results. Due to the dimensions of
the tip of the hot-air gun, just a portion of the target surface was exposed to the
hot-air flow (φ 15mm), an area sufficient for meeting the requirements of UNI EN
ISO 21920:2022.

This method assumes that, like for polymeric material [22, 23], the hot-air flow
generates a redistribution of the superficial material reducing the surface asperities.
The heat transferred to the target surface allows the remodeling and smoothing of
the treated zone generating a modification of the metal particle distribution. The
smoothing process is completed when the treatment time is reached. Then, the part
was removed from the heating area, and it rests in open air (for 24 h) so that the
material can cool down at room temperature and the part definitively re-harden.With
regards to treatment time, four levels were tested, from 0 to 70 s. The 0 s exposure
time corresponds to the untreated sample, and it represents the reference to compare
the effects of the treatment. Moreover, to not compromise the tests with intermediate
measurements, one sample for each treatment time level was used. Airflow was set
equal to 120 L/min according to themaximum capacity of the hot-air gun. Four levels
of temperature were tested (210 °C, 240 °C, 270 °C, and 300 °C) directly setting

Fig. 2 Thermal approach
set-up
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Table 1 Micro-EDM process
parameters Parameters Pulse shape

Short Medium Long

Peak current (I)—A 4 13 25

Voltage (V)—V 90 100 130

Frequency—Hz 180 160 130

Discharge width (ton)—µs 2 4 5

the hot-air gun. After debinding and sintering processes, the final surface rough-
ness parameters were measured as the average of the different measurements. Three
repetitions for each combination of exposure time and temperature were performed.

2.3 Micro-EDM

Themicro-electrical dischargemachining (micro-EDM)was carried out on the white
parts. The printed samples were fixed on a Sarix SX-200 machine and through CAM
software, the electrode paths for the generation of micro-features were defined. The
process parameters were selected through the execution of preliminary tests able
to define parameter combinations able to reduce the probability of short circuits
and assuring process stability and repeatability. Three runs for each combination of
process parameters were performed.

The micro-EDM process removes material from the target surface generating
the typical craters texture of this process. In this way, the waviness and the differ-
ences between peaks and valleys decrease since the process reduces the effects of
the side-by-side layers. A cylindrical tungsten carbide electrode was tested consid-
ering 300 µm in diameter. Hydrocarbon oil was used as a dielectric medium. Three
electrical discharge shapes were tested: short, medium, and long pulses. The pulse
shapes differ in the peak of current reached during the process and their width.

Table 1 reports the process parameters applied during the micro-EDM process.
Square pockets 1 × 1 mm with a depth equal to 20 µm were machined. Since the
machine used does not allow to set the real value of the peak of current, their intensity
can be evaluated as reported in [24] by means of an oscilloscope and an elaboration
of the data through a Matlab code.

2.4 Data Analysis

The samples were analyzed qualitatively and quantitatively. Firstly, the qualitative
analysis was conducted for evaluating if all the treated samples were compliant
with the quantitative analysis. In this case, compliance is assured if the surface of
the sample, at first optical analysis, results to be characterized by no defects and/
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or alteration of the starting geometry. This helps to identify defects which can be
classified by the UNI EN ISO 21920:2022 as: visible and effective, invisible but
effective, visible but ineffective (cosmetic), and invisible and ineffective.

A 3D reconstruction of the treated surfaces was performed by means of Keyence
VHX-7000 digital microscope. After the scansion of the area, the raw data were
elaborated to obtain a surface description considering surface roughness and ampli-
tude parameters (e.g., Ra, Rsk, Rku) as defined by the international standard UNI
EN ISO 21920:2022. The amplitude parameters are considered for distinguishing
between two profiles having the same roughness. All these parameters together give
information about the statistical average properties. Specifically, Rsk describes the
symmetry of the height distribution histogram, Rku describes the sharpness of the
probability density profiles, while Rz is the average value of the absolute values of
the heights of the five highest-profile peaks and the depths of the five deepest valleys
within the evaluation length.

3 Results and Discussion

After the collection of qualitative and quantitative information, the results were
compared for identifying the strengths and weaknesses of the tested methods.
Regarding the thermal treatment, it is possible to observe that some sample results
unsuitable for the final texture evaluation. These samples were removed from the
analysis since they show several major defects on the treated surfaces (UNI EN
ISO 21920:2022), affecting the aspect of the surface. Specifically, it is observed that
maintaining a constant hot air flow (120 L/min) and changing the temperature and
the exposition time can generate a negative effect on the surface.

Figure 3 shows the appearance of surfaces removed from the assessment. These
defects can be classified as visible and effective defects since they modify the geom-
etry, the texture and probably the mechanical characteristics of the part. Table 2
reports the results of the qualitative analysis associated with the parameters of the
thermal treatment which are clarified in Fig. 4, where it is possible to observe which
combination of air flow temperature and exposure time allows to obtain compliant
part for the quantitative analysis.

Making a relation between the aspect of the treated surfaces and the parameters
applied it was defined a thermal index (T I ) as the product of the flow rate (it is kept
constant during all tests), exposure time (t) and temperature (T ) (Eq. 1). This index
does not represent a specific physical quantity, but observing the values assumed by
the non-compliant parts, it is possible to identify a maximum value of this index for
avoiding the creation of defects. From this index, it is possible to have a general idea
of the heat transferred to the surface correlating.

T I = f low rate · t · T (1)
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Fig. 3 Example of defects generated on the sample surfaces after the thermal approach. a swelling
of the surface. b surface collapse

Table 2 Parameters and thermal index of thermal treatments

Sample Air flow temperature
(T) [°C]

Exposure time (t) [s] Thermal index (I) Surface aspect

1 210 10 4200 OK

2 210 30 12,600 OK

3 210 50 21,000 Swelling

4 210 70 29,400 Swelling

5 240 10 4800 OK

6 240 30 14,400 OK

7 240 50 24,000 Swelling

8 240 70 33,600 Swelling

9 270 10 5400 OK

10 270 30 16,200 Swelling

11 270 50 27,000 Swelling

12 270 70 37,800 Swelling

13 300 10 6000 OK

14 300 30 18,000 Swelling

15 300 50 30,000 Swelling

16 300 70 42,000 Collapse

17 – – – Non treated samples

18 – – – Non treated samples

19 – – – Non treated samples

20 – – – Non treated samples
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Fig. 4 Compliant and non-compliant samples as a function of thermal treatment parameters

In this way, it is possible to observe that using an index with a value equal to or
greater than 16,200 L°C generates surfaces characterized by important defects which
cause a scrap of the parts.

Considering the samples suitable for the effectiveness of the thermal treatment,
as anticipated the evaluation of three profiles was conducted for collecting data
about the main roughness parameters. In general, it was observed that the thermal
treatment does not affect the Ra values, but it is able to reduce the Rz (Fig. 5). This
indicates that the heat air flow allows the redistribution of the material, in particular
the metal powder contained in the green part, reducing the effect of the material
distribution along the layer cutting down the asperities and smoothing the treated
zone. Furthermore, after the thermal treatment, the skewness (Rsk) is kept negative as
for the non-treated samples indicating a predominance of sharp valleys and rounded
peaks. Regarding the kurtosis, the treated surfaces are platykurtic which means the
surface profile has relatively few high peaks and low valleys. This is the contrary
compared to the non-treated surfaces, which result to be leptokurtic indicating many
high peaks or deep valleys (Fig. 6). These results show the ability of the thermal
treatment to reduce the height of peaks and valleys creating a smooth surface.

Concerning the micro-EDM process the improvements in terms of Ra and Rz are
evident in Fig. 7. Specifically, an implementation of the Ra value in a range between
80 and 90% is observed. In particular, the entire texture change assumes the typical



44 M. Quarto and G. Maccarini

Fig. 5 Ra and Rz for compliant samples after thermal treatment

aspect of the EDMed surface defined by a series of craters. This aspect is visible in the
area around the cavity of Fig. 8. Furthermore, the micro-EDM machining generates
a reduction in Rz reducing the maximum irregularities of the surface. In this case, the
reduction is more variable, short pulses assure a greater reduction due to the smaller
craters and consequently less concavity. The longer pulses cause a modification in
the amplitude parameters increasing the presence of high peaks and deep valleys
(Rku > 3) due to the convex geometry of the craters. The short pulses generate a
higher implementation in surface roughness maintaining the same distribution and
symmetry level of peaks and valleys (Fig. 8).

Compared to the thermal treatment, the non-contact removal material process
modifies the surface texture. In fact, the absence of contact between the electrode
and workpiece avoids the generation of micro-cracks and damages related to the
machining, removing just small layers of materials without spreading them along
the entire surface. For these characteristics, some cavities can be observed on the
machined surface (Fig. 9) probably owned to the presence of porosity and voids,
typical of additive manufacturing processes. It is possible to suppose that this kind
of defect belongs to the effective class. This means that defects have a deviation
large enough when measured under defined conditions, to influence the measured
value and/or the uncertainty of the measurement of interest. Indeed, if further study
will confirm that they derive from the typical cavities generated by the additive
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Fig. 6 Rsk and Rku for compliant samples after thermal treatment

Fig. 7 Ra and Rz after micro-EDM
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Fig. 8 Rsk and Rku after micro-EDM

manufacturing process, they surely affect (important in relation to the functionality
of the piece) its mechanical properties, durability, and resistance.

4 Conclusions

This work considers two different approaches for improving the surface texture
of metal material extruded parts in stainless steel AISI630. Two approaches were
assessed: a thermal and a mechanical approach, respectively. The thermal approach
involved heating the surface with a flow of hot air at a constant flow rate and in
the various tests the exposure time and temperature of the air flow were modified.
The mechanical approach was based on the micro-EDM milling process. different
pulse shapes were tested. In both cases, the samples were investigated from the
qualitative point of view for identifying if the processes generate defects; furthermore,
the implementation of the roughness in terms of Ra and some amplitude parameters
were evaluated for defining the effectiveness of the processes.

The results show that the thermal approach is effective non for the Ra implemen-
tation, but it generates an improvement in Rz reducing the difference between peaks
and valleys demonstrating the possibility to improve the distribution of the metal
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Fig. 9 Example of porosity revealed by the removal of surface material by micro-EDM

powder in the polymer matrix before the debinding and sintering processes. At the
same time, this approach can generate high-level defection if the heat input is exces-
sive. Considering the heat index value defined in the work, it is possible to observe
that the combination of temperature and exposure time risk generating excessive
heating which leads to swelling of the surface making the component unsuitable for
analysis and, in the case of finished pieces, for installation.

Micro-EDMmilling results generate amore stable process avoiding the generation
of additional defects. What can happen in this approach is that the micro-EDM, since
it is non-contact machining, removes the surface material highlighting the cavities
and porosity present in the first layer of the samples. Furthermore, the mechanical
approach generates a great implementation in the roughness parameters, also in terms
of Ra.
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Arc Oscillation for Microstructural
and Geometric Control of Solids
Produced by WAAM

Gustavo H. S. F. L. Carvalho and Gianni Campatelli

Abstract Wire arc additive manufacturing (WAAM) is an additive technology with
several advantages, such as a high deposition rate, the possibility to manufacture
metallic materials, a very low incidence of porosity and excellent mechanical prop-
erties. However, there are challenges inWAAM, like the uncontrollable grain growth
(due to the prolonged exposure to high temperatures) and the accumulation of impu-
rities or decrease in toughness (due to preferred crystallographic orientation and the
grain growth mechanism). These issues are relevant for many materials like steel,
aluminium, titanium, and nickel alloys. This work aimed to use arc oscillation in
steel that could break this unrestrained grain growth, resulting in a more refined grain
structure. The components were characterised morphologically, geometrically, and
microstructurally, and the oscillation resulted in microstructures that were equally
or more refined than the base material.

Keywords Additive manufacturing · Wire Arc Additive Manufacturing
(WAAM) · Arc welding

1 Introduction

Today’s engineering faces many challenges when it comes to manufacturing compo-
nents. In order to reach the current mechanical and sustainability requirements, new
manufacturing processes such as additive manufacturing (AM) have been devel-
oped and improved. AM is gaining attention because it supports the transition to a
more digital and flexible manufacturing solution, it is indeed a strategy promoted by
many national Industry 4.0 initiatives and represents a sustainable solution for many
applications [1].

Among theAMtechnologies, thewire arc additivemanufacturing (WAAM)stands
out as one of the most important direct energy deposition (DED) processes. In this
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process, an electric arc (welding) is used to melt the wire (filler metal) and build the
component through the deposition of successive beads or layers [2]. So, a welding
process that uses a wired filler metal is used to build the component instead of being
used to join the materials. The main processes are GMAW, GTAW, and PAW [3].

GMAW-based WAAM, the Gas Metal Arc Welding acronym, has some singular
characteristics that differentiate it from other additive manufacturing processes. It
has a very high deposition rate compared to other WAAM processes [4], it is capable
of building large and massive components, and excessive porosity is not an intrinsic
issue of the process resulting in components with excellent mechanical properties.

However, despite its advantages,GMAW-basedWAAMhas some limitations.One
is the geometrical accuracy, which is usually reported in the literature [5–7] as not
being easy to control. In automatic WAAM processes, the deposition is programmed
in advance. However, some geometric variations may occur during deposition and
disturb the deposition. Due to the nature of the WAAM-GMAW process, the final
layer dimensionswill differ from theprogrammedone to somedegree.Themagnitude
of this variationwill dependon aspects such asmaterial,welding parameters and path.
These parameters affect the bead’s accommodation, which, in turn, accommodates
differently in the longitudinal or transverse deposition direction. Thus, after a bead
deposition, its final dimension will differ from the programmed one to different
degrees in the length and width of the bead. It is difficult to predict these changes
and add them to the toolpath program in advance.

Another frequent problem is caused by prolonged heating during the deposition
of the various layers of material, which can lead to excessive grain growth, impairing
the mechanical properties of the materials [8–11].

There are someways to control themicrostructure, such as heat treatments, the use
of workpiece vibration [12], and thermomechanical procedures, such as interlayer
cold working [13] or laser shock peening [14]. However, despite presenting good
results, most of these procedures lead to a greater expenditure of time and energy
and, consequently, a larger carbon footprint and cost. Therefore, this article will
suggest a different approach to face the microstructural problems of uncontrolled
grain growth to avoid post-processing, with the use of arc oscillation. Regarding the
geometry, it is proposed to use a narrow bead deposition capable of improving the
accuracy and the deposition versatility by increasing the possible toolpaths to make
the deposition. The narrow bead will be achieved by increasing and optimising the
travel speedwithout decreasing wire feed speed (WFS) to not compromise its deposit
rate and productivity.

The arc oscillation technique has already been applied to other alloys and
processes (usually by magnetic arc oscillation) with promising results [15–18].
The main idea is to change the temperature gradient direction during deposition,
constantly changing the solidification direction of the grains, “disturbing” their
growth and limiting their sizes. At the same time, it avoids defects such as hot cracks
[19, 20], which occur due to the accumulation of impurities and low-melting-point
elements in the same zone.
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In the present work, several arc oscillations are tested using a narrow bead to
bring versatility to the deposition, increasing the path possibilities during the manu-
facture of the part. The narrow bead will be achieved by speeding up the deposition
and reducing the heat input (which provides faster cooling rates and does not favour
grain growth) [21, 22]. Then solids with and without oscillation will be manufac-
tured and compared, using a continuous deposition, without an idle time between
layers. The assessment of the deposition strategies of the solids will include geomet-
rical and metallurgical evaluations. For the geometrical evaluation, the deposition
symmetry, accuracy, and efficiency will be analysed. For the metallurgical evalua-
tion, the microstructures will be analysed to verify if the oscillations were able to
lead to better, or at least similar, microstructures with respect to the base material,
i.e. without excessive grain growth, defects or brittle phase transformations.

2 Material and Methods

The depositions were performed using a GMAW-based WAAM process with the
CMT technology. The base material used was a 5 mm-thick low-carbon steel plate
(designation EN10025:2 grade S235JR), and the filler metal was a low-carbon steel
AWS ER70S-6 ∅0.8mmwire produced by SAF-FRO (Filcord C). Table 1 shows the
substrate and filler metal typical compositions.

The welding depositions were performed using a Fronius TPS 320i welding
machine on a DMU 75 Monoblock 5-axis AC table machining centre (manufac-
tured by DMG Mori) used to ensure proper control of the deposition velocity, torch
positioning and path [24]. The torch was perpendicular to the substrate with a direct
current electrode positive (DCEP) polarity. The shielding gas was 18%CO2 and 82%
argon, using a flow of 15 L/min).

First, it was investigated the most suitable welding parameters to perform a non-
oscillated narrow bead. Thus, the travel speed was optimised to a high value based
on previous works [25]. With faster deposition, a lower heat input is obtained. For
materials that do not have the problem ofmartensitic formation, it is a helpful strategy
to preserve a smaller grain size. Table 2 presents the welding parameters that have
been kept constant for all the tests. The heat input was calculated according to the
conventional equation considering the efficiency [26, 27].

Figure 1 presents the two oscillations used in this work. The first oscillation runs
the path of a sinusoidal wave (Fig. 1a), and the second runs the path of a square
wave (Fig. 1b). The oscillation parameters were a proportion of the width (b) of the

Table 1 Chemical composition of the base metal and the filler metal (% weight)

C Mn Si P S N Cu Fe

S235JR steel [23] 0.19 1.50 – 0.045 0.045 0.014 0.60 Bal

Filcord C/ER70S-6 0.08 1.50 0.90 0.025 0.025 – – Bal
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Table 2 Welding parameters

Current
(A)

Voltage
(V)

WFS (m/
min)

Travel
speed (mm/
min)

Heat input
(J/mm)

Arc
power
(kW)

CTWD
(mm)

bead width
“b” (mm)

82 14.8 6.0 1050 58.3 1.2 14 3

where “WFS” is the wire feed speed, and “CTWD” is the contact tip to work distance

single bead without oscillation. Table 3 shows the parameters for the sinusoidal and
square wave oscillations. The types and dimensions tested were chosen based on our
experimentation and results found in the literature[16, 18–20] that were suitable to
our application and test dimensions. The combinations of amplitude and wavelength/
wave distance were selected to obtain reasonably uniform and straight beads, since
some oscillation combinations may lead to excessive material stacking or lack of
material. The GCODE of the paths were generated using MATLAB®. After the
experiments with the single oscillated beads, they were analysed, and the best sets
of parameters were used for the deposition of the solids.

The metallographic preparation was performed according to ASTM E3-11, and
2%Nital and 10%Nitalwere used for themicrostructural andmacrostructural etching,
respectively. A Nikon Eclipse LV150 optical microscope was used to observe the
welds. The quantitative metallography followed the ASTM E112 standard for grain
size measurement.

Fig. 1 The two types of
tested oscillations.
Sinusoidal wave (a) and
square wave (b). “Apeak-peak”
is the peak-to-peak
amplitude, “λ” is wavelength
and “d” wave distance
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Table 3 Oscillation parameters

Bead ID Oscillation type Apeak-peak d or λ

Ratio (mm) Ratio (mm)

SB No oscillation – – – –

SQ-1 Square wave 1.2 · b 3.6 1.2 · b 3.6

SQ-2 1.6 · b 4.8 1.2 · b 3.6

SQ-3 2.0 · b 6.0 1.2 · b 3.6

SQ-4 1.6 · b 4.8 0.8 · b 2.4

SQ-5 1.6 · b 4.8 1.6 · b 4.8

SQ-6 1.2 · b 3.6 0.8 · b 2.4

SQ-7 2.0 · b 6.0 0.8 · b 2.4

SIN-1 Sinusoidal wave 1.6 · b 4.8 1.2 · b 3.6

SIN-2 1.2 · b 3.6 1.2 · b 3.6

SIN-3 2.0 · b 6.0 1.2 · b 3.6

SIN-4 1.6 · b 4.8 0.8 · b 2.4

SIN-5 1.6 · b 4.8 1.6 · b 4.8

SIN-6 1.2 · b 3.6 0.8 · b 2.4

SIN-7 2.0 · b 6.0 0.8 · b 2.4

where “Apeak-peak”, d” and “λ” are presented in Fig. 1, and “b” is the width of the bead without
oscillation

3 Results and Discussion

3.1 Oscillation Optimisation and Solids Manufacturing

Figure 2 shows the macroscopic aspect of the beads. The SB sample is the bead
without oscillation. The two types of oscillations detailed in Fig. 1 did not show a
significant difference in terms of surface finish when comparing samples with similar
dimensional parameters (for example, SIN-3 to SQ-3 or SIN-7 to SQ-7). However,
with the same amplitude and distance (“d” equal to “λ”), the square wave path is
longer, which leads to a slight increase in the amount of deposited material and a
wider bead.

The parameters selected to produce the solids were based on the results obtained
for the single beads, considering as selection criteria arc stability, weld surface
appearance, the macrostructural influence of the oscillation (i.e. whether the oscilla-
tion produced a macroscopically relevant oscillation), and the presence or absence
of defects.

Regarding the external aspect, the wavelength/wave distance parameters for
samples SIN-5 to SQ-5 were too long, and the bead edges were not smooth. If
the edge is too much irregular, this location may be a preferential spot for welding
defects like the inclusion of impurities or lack of fusion. In the case of multipass
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Fig. 2 Aspect of the narrow bead without oscillation (SB) and the oscillated beads

welding, this problem is even more probable. Also, some oscillations did not repre-
sent a significant stir in the bead’s progression, such as in SIN-1, SIN-2, SQ-1 and
SQ-2. The oscillations that were considered for the manufacturing of the solids are
SQ-3, SQ-7 and SIN-3.

For the deposition of a massive part that requires a multi-bead and multi-layer
deposition, additional variables must be considered: the stepover between each bead;
the angle between each bead (called work angle); and the direction/sense of each
layer’s deposition.

Based on the study performed by Baffa et al. [25], a stepover of 60% between
beads was selected. A perpendicular work angle (flat weld position) was chosen to
maintain a flat position for the deposition. Regarding the direction/sense of each
layer’s deposition, three approaches were tested, depicted in Fig. 3. The first was
the rotation of 0° between each layer, i.e. welding every layer in the same direction
and sense. The second was a 180º rotation between each layer, i.e. welding each
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Fig. 3 The strategies of deposition. After the fourth layer, the sequence repeats

Table 4 Oscillation parameters of the solids

Solid ID Âlayer Oscillated single bead
parameter (Table 3)

Apeak-peak d or λ

Ratio (mm) Ratio (mm)

CUB-SB 0° SB – – – –

CUB-SQ3 0° SQ-3 2.0 · b 6.0 1.2 · b 3.6

CUB-SQ7 0° SQ-7 2.0 · b 6.0 0.8 · b 2.4

CUB-SQ7-90 90° SQ-7 2.0 · b 6.0 0.8 · b 2.4

CUB-SIN3-180 180° SIN-3 2.0 · b 6.0 1.2 · b 3.6

where “Âlayer” is the rotation angle between each layer deposition, see Fig. 3

layer in the same direction but in opposite senses. The third approach was a 90º
rotation between layers, i.e. welding with each layer perpendicular to the previous
one following a clockwise direction.

Four quadrangular-based solids of approximately 40mm× 40mm× 40mmwere
manufactured using the abovementioned parameters, varying the welding direction/
sense and the oscillation parameters. All solids were manufactured without idle
time, i.e. without no waiting time between layers to cool the part. Table 4 details the
parameters tested.

3.2 Geometrical Issues and Uniformity

One of the major challenges in WAAM is the lack of geometric precision. This
happens because the layer deposition by welding has some undesirable geometrical
effects that are intensified as the number of deposited layers increases. These issues
can be divided into longitudinal or transversal, based on how they affect the geometry
of the solids.
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The longitudinal effect can be seen through the progression of the bead/layer.
It happens because of the height difference between the start and end of the layer
caused by the difference in volume deposited at the starting and ending spots of the
bead deposition. The transversal effect can be observed through a transversal view
of the layer. It happens due to the height difference between the layer’s centre and
edges (the rounding of the solid’s edges), caused by the rounded shape of the beads
and their accommodation after melting.

The first issue can be assessed by observing the longitudinal welding progression
of the beads, while the second can be assessed by observing the beads/layers transver-
sally. Figure 4 details the aspect of the produced solids and the spots of observation
for the geometrical analysis.

The height difference between the beginning and end of the bead/layer deposition
due to the difference in the amount of material deposited in the arc-striking and
arc-extinguishing locations is observed in several studies [5, 28]. This issue has
an accumulative effect, which means that layer after layer, this difference becomes
increasingly significant. Thus, it is also a process problem in WAAM production.

From a process standpoint, this difference will cause problems in programming
the torch path in GMAW-WAAM deposition because the beginning, middle and end
of the bead/layer will have different heights. This results in variations in the distance
between the torch and the substrate throughout the welding progression. Expressive
and uncorrected torch height/CTWD variations may significantly affect the welding
results or even lead to the appearance of defects [29].

Some approaches can alleviate or eliminate this issue without directly changing
the welding parameters. One of the most effective is changing the welding path to
eliminate/reduce the arc striking/extinction spots by designing a continuous deposi-
tion. Of course, this is not feasible for every type of material and geometry. Another
straightforward way of changing the welding path to optimise the geometry is to

Fig. 4 Aspect of the solids
after deposition and the
observation spots for the
geometrical analysis
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change the starting point of each layer instead of eliminating/reducing the starting/
ending points. The two most commonly used ways based on this approach are to
place the weld start at the previous end location and alternate this each layer (180°
rotation represented in Fig. 3), and change the weld deposition point every time in
each layer (such as the 90° rotation exemplified in Fig. 3).

Figure 5 presents the longitudinal observation of the solids, indicating the height
variation between the starting and ending point of the layer deposition (�h). The first
observation regards the badoverall result for the depositionwithout oscillation (CUB-
SB). The use of narrow beads gives flexibility from the point of view of programming
the torch path. However, the GMAW-CMT process, despite its advantages, may
present issues in low heat input multi-bead welding because some beads may attach
laterally to the preceding one instead of melting the base material. This phenomenon
was observed using the narrow bead parameter (CUB-SB in Fig. 5), resulting in a
problematic and erratic deposition. Many beads did not attach to the base material
but to the preceding adjacent bead (more heated), which resulted inmany defects. So,
due to the high level of defects, instability and poor visual appearance, the deposition
was interrupted after some layers before reaching the desired height (40 mm). Also,
the height difference (�h) was the most pronounced because it was interrupted
before, alleviating the cumulative effect of the height difference. This fact proves
the difficulty in depositing narrow/low heat input beads using the GMAW-CMT
technology.

The oscillation improved the uniformity of the geometry from the longitudinal
observation and allowed the use of a low heat input deposition. It is particularly
relevant because using narrow beads was not possible. However, it is also evident
that using the same bead/layer starting and ending point (CUB-SQ3 and CUB-SQ7)
presented a significant height difference, unlike the solids built changing starting
and ending spots (CUB-SQ7-90 and CUB-SIN3-180). No defect was detected for
the solids produced using arc oscillation.

Changing the start position (either 90º or 180º) avoided the repeated deposition
in the same starting point, which would mean a systematic deposition of the highest
part of the layer over the highest part of the previous layer. Figure 5 illustrates
that the solids changing the starting point presented much better overall symmetry
longitudinally, indicating that the strategies of changing the starting of the weld
between layers are efficient. The longitudinal observation detected no pronounced
difference between 90º (CUB-SQ7-90) and 180º (CUB-SIN3-180) rotation regarding
the overall symmetry.

Regarding the issue of the difference between the middle beads and the start/
end bead, a transversal observation is required. Thus, a transversal cross-section
macrograph of the solids was prepared (transversal observation in Fig. 4). Figure 6
shows the transversal section of the solids’ upper part of the deposition (the analysis
of the solid without oscillation was limited to the external aspect in Fig. 5 due to the
high quantity of defects and unsatisfactory results). All samples exhibit the typical
phenomenon of being higher at the middle beads without major differences.

One of the reasons for the difference between the middle and external sides is the
accommodation of the first and last bead. The central beads do not have much space
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Fig. 5 Longitudinal observation of the manufactured solids

Fig. 6 Transversal macrography of the solids
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to accommodate compared to the external beads that always have one free external
side. Thus, the layer’s central part is higher than the external, where the beads can
drip and accommodate after melting. This effect is enhanced by each welded layer.

3.3 Geometrical Uniformity and Machinability Efficiency

It is known that geometrical accuracy is not one of the WAAM strengths, especially
using GMAW. This chapter will analyse which of the strategies used to manufacture
the solids produces themost uniform and accurate geometry. Also, a brief assessment
regarding an eventual machining step will be evaluated. Based on image analysis,
two main approaches will be used.

The first considers how far the deposition was from a square geometry, since the
path of the programmed deposition follows the geometry of a cube. This will provide
a metric to evaluate how far the programmed path is from the desirable geometry,
giving valuable information on how much more deposition would be necessary to
achieve the desired geometry.

The second approach is regarding an estimation of requiredmachining operations,
evaluating how much material would be necessary to remove to obtain a flat surface.
This will constitute an evaluation of the geometry accuracy, uniformity and material
waste (efficiency).

Figure 7 presents the image analysis of the transversal section from Fig. 6. The
percentages represent how close the deposition was to a complete square section
(hatched area). Solid CUB-SQ7 was the closest to a completely square section.
However, the solids are not extremely different from each other regarding this aspect,
considering that the minimum and maximum values were 86 and 91% of filling,
respectively. The irregularities and differences in height between the centre and the
external beads will lead to the need for more deposition followed by machining if a
squared section is desired.

Fig. 7 Image analysis of the upper part of the transversal cross-sections
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Regarding the uniformity and eventual machining steps, Fig. 8 illustrates the
lateral surface of each transversal cross-section. The hatch represents how much
material would have to be machined to have a flat surface, and the percentage repre-
sents how much more material needs to be machined compared to the material that
needs the least material removal (CUB-SQ3). In other words, compared to CUB-SQ3
(solid with the least need for material removal to obtain a flat surface), CUB-SQ7
needs 41% more material removal, CUB-SQ7-90 93% more material removal and
CUB-SIN3-180 6% more material to be removed. This measurement represents
the uniformity of the deposition of each layer, as well as the maximum difference
between the most extensive section and the smallest section. The solids CUB-SQ7
and CUB-SIN3-180 are very similar and the most uniform. The solid with the 90º
(CUB-SQ7-90) rotation between layers presented the worst uniformity and accuracy.

As mentioned, in automatic WAAM processes the final dimensions will differ
from the programmed ones to some degree and it is not straightforward to predict
and correct these differences when programming the toolpath. This issue proved
relevant when the 90º rotation between each layer deposition was used. As shown in
Fig. 8, the samplewith the 90º rotation presented very irregular deposition, especially
between layers.On the other hand, the 180° rotation presentedmuchmore regular and
uniform deposition. Notably, the uniformity of the profiles followed the oscillated
beads’ width (wider beads led to more irregular solids).

3.4 Metallographic Analysis

Figure 9 compares the microstructure of the unaffected base material and the solids
producedwith the different deposition strategies in the transverse direction according
to Figs. 4 and 6. Their average grain sizes (∅avg) are indicated next to each image.

The microstructures of the solids are mostly uniform regarding the microcon-
stituents. All samples presented essentially equiaxed ferritic microstructure, with
pearlite in some spots. They were all similar to each other and to the base mate-
rial, as shown in Fig. 9. Unlike the base material, the solids are characterised by a
grain size variation throughout the building direction due to the thermal history of
the deposition. The maximum variation in the average grain size between different
regions of the solids was 7 µm.

Naturally, the upper region of the manufactured solids showed more difference
from the base material since the last welded layer is not subjected to the thermal
cycle of a subsequent deposition. Nevertheless, it is a region close to the surface, and
in some cases, most of these regions are removed in subsequent machining.

Regarding the grain size, all solids presented an average grain size similar to or
smaller than the unaffected base metal. The slight difference in grain size between
the samples does not represent a change that could mean pronounced differences
in mechanical properties according to several examples in the literature [30, 31].
From the Hall–Petch relationship between the yield stress “σy” and the grain size
“d” (Eq. 1), the same results are obtained. Considering it is the same material, every
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Fig. 8 Lateral side of the transversal profiles

parameter of the right part of the equation would be the same except the grain
size. Even the largest grain size difference (9.4 and 11.4 µm) would not change the
Yield Strength

(
σy

)
significantly. Based on the Hall–Petch relationship (Eq. 1), the

influence solely of the grain size on the Yield Strength
(
σy

)
for these solids would

be approximately 5% (using σ0 and k according to [32, 33] and the minimum and
maximum grain size found: 9.4 and 11.4 µm). Therefore, using any of the presented
deposition strategies it is possible to obtain a grain size similar in size to the original
base material (or even smaller) without the use of pauses during deposition to lower
the temperature between layers or post-welding heat treatment.
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Fig. 9 Microstructure of the base material and the manufactured solids (transverse to the welding
direction, as indicated in Fig. 4 and performed in Fig. 6)

σy = σ0 + kd−1/ 2 (1)

where “k” is a constant, “d” is the average grain diameter, and σ0 is the yield stress
of a single crystal.
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3.5 Heat Input and Energy Analysis

The heat input is a critical parameter to measure the energy applied to the process.
However, since it measures the energy per unit length, it is the same when we analyse
the heat input for the oscillated beads because their travel speeds were the same. So,
the calculated values do not give all the information regarding the energy applied
in each case. Thus, in this chapter a different calculation of the applied energy will
be shown, considering the entire length travelled (since with oscillation, the path
travelled is longer).

Despite the overall length of the individual beads being the same (i.e. the linear
length from the starting and ending point of the bead), the oscillation causes the
total path length to differ. Thus, one way to obtain the energy is to calculate the
toolpath’s total length (i.e. the total path travelled for the bead deposition considering
the oscillation and not just the starting and ending point). For the square wave, the
calculation is simple, just adding the straight parts of the wave until the final length
of the bead. For the total path using the sinusoidal waves, the calculation is more
complex and followsEq. 2,where “a” and “b” are the limits for one cycle of oscillation
(from 0 to the wavelength value). The general sinusoidal function is given in Eq. 3.

Arc Length =
b∫

a

√

1 +
(
dy

dx

)2

dx (2)

y = A sin

(
2π

B
(x − C)

)
+ D (3)

where A is the amplitude, B is the wavelength, C is the left/right shift and D is the
up/down shift.

After calculating the bead’s total length, it is possible to calculate the heat input
in two ways. The first is considering the bead velocity (speed to perform the total
bead—not the travel speed itself), and the second is using the total path, multiplying
it by the heat input to obtain the bead deposition energy.

Table 5 shows the result of the calculation, indicating that the energies are propor-
tional to the deposited area (greater deposition energies obtained in oscillations that
have a longer path and deposited a greater amount of material). Thus, the microstruc-
tural results were not significantly different. From the point of view of total energy
for the deposition of the solids, there is no significant difference. This is because
although the energy of each bead changes due to differences in the path, two consid-
erations must be observed: first, the welding progression speed is the same, and
second, the beads with the longest path (and which take the longer to be deposited)
are wider, which results in a smaller number of beads to reach the final dimension of
the solid. However, it gives amore correct indication of the energy used for each bead
than the calculation of the traditional heat input. Since low heat input provides high
cooling rates and less grain growth [21, 22], oscillations can also be used to change
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the number of required beads without sacrificing the low heat input microstructural
advantages. This is especially interesting because the deposition of the narrow beads
(also capable of low-heat input deposition) did not result in a consistent deposition
free of defects.

Therefore, the oscillations allowed keeping the grain size similar to the orig-
inal and reducing the susceptibility to hot cracking by changing the solidification
direction along the bead. The test of the different strategies allowed verifying the
differences from the microstructural and geometrical accuracy point of view based
on the type and parameters of oscillation. From the microstructural point of view,
although theCUB-SQ3 sample showed the best result (smallest grain size), the differ-
ence between the samples was not significant. Regarding the geometric accuracy (a
factor that can alter the efficiency from the point of view of post-processing), the
solid CUB-SIN3-180 had the best overall result. However, disregarding the strategy
of changing the welding start/end point (since it is a strategy that can be used regard-
less of the oscillation types), samples CUB-SIN3-180 and CUB-SQ3 showed the
best overall results. Better geometric accuracy and uniformity result in less material
to be machined/wasted, which makes the process more energy efficient and sustain-
able. Furthermore, the deposition strategies allows the continuous depositionwithout
idle time between layers to cool the part. That said, it is important to optimise the

Table 5 Energy estimation for each type of oscillation. Oscillations SQ-3, SQ-7 and SIN-3 were
the ones used to manufacture the solids

Bead
ID

Oscillation
type

Apeak-peak (mm) d or λ

(mm)
Bead’s
total
length
(mm)

Bead
velocity
“BV”
(mm/
min)

Heat
input
based
on BV
(J/mm)

Bead’s total
deposition
energy (kJ)

SB – – – 60 1050 58.3 3.50

SQ-1 Square
wave

3.6 3.6 180 350 169.1 10.15

SQ-2 4.8 3.6 220 286 210.7 12.64

SQ-3 6.0 3.6 260 242 243.2 14.59

SQ-4 4.8 2.4 300 210 287.7 17.26

SQ-5 4.8 4.8 180 350 167.4 10.04

SQ-6 3.6 2.4 240 263 238.3 14.30

SQ-7 6.0 2.4 360 175 359.1 21.55

SIN-1 Sinusoidal
wave

4.8 3.6 175 360 166.9 10.02

SIN-2 3.6 3.6 138 456 132.5 7.95

SIN-3 6.0 3.6 213 296 205.0 12.30

SIN-4 4.8 2.4 251 251 249.5 14.97

SIN-5 4.8 4.8 138 456 131.7 7.90

SIN-6 3.6 2.4 194 325 180.9 10.85

SIN-7 6.0 2.4 310 203 307.4 18.44
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oscillation for each case to obtain a bead that has a relevant oscillation (capable of
presenting the microstructural advantages) and is narrow enough to promote good
geometric accuracy.

4 Conclusions

This work analysed different deposition strategies regarding their geometrical
performance and final microstructure, achieving the following conclusions:

• The solid manufactured with narrow and low heat input parameters without
oscillation presented many defects and instability during deposition;

• The solids produced with arc oscillations did not present any defect and showed
an average grain size and microstructure similar to the original base metal. The
CUB-SQ3 sample (square wave oscillation) presented the smallest grain size;

• Changing each layer’s starting and ending point is crucial to obtain amore uniform
and accurate geometry. However, the 180º rotation is preferred because it is easier
to program than the 90º rotation due to a more predictable path;

• All strategies tested are capable of producing satisfactory solids with similar
microstructures in a continuous depositions, i.e. without idle time between layers.
The best overall solid was the CUB-SIN3-180, i.e. deposition made with a 180º
rotation between layers, with a sinusoidal oscillation.
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Pre-process Optimisation of Filament
Feed Rate in Fused Filament Fabrication
by Using Digital Twins and Machine
Learning

Arianna Rossi, Michele Moretti, and Nicola Senin

Abstract One of the limitations of fused filament fabrication (FFF) inmass customi-
sation is the long trial and error process required to optimise process parameters under
frequent changes of geometries, materials and structural/mechanical requirements.
Extrusion parametersmay also need to be changed in-process, for example to address
different requirements of skin and internal regions within the same part. This work
explores the possibility of making a FFF machine capable of autonomous optimi-
sation of extrusion parameters, currently for use in pre-process optimisation, but in
future also applicable to in-process adaptive optimisation and control. Through a
combination of machine learning and digital twinning, the proposed solution is able
to automatically modify a part program optimising extrusion parameters to improve
uniformity of widths of the extruded strands. The solution learns how to modify
the part program using data from example depositions (tests runs) and simulation
models. The proposed approach is demonstrated through the application to a test
case.

Keywords Additive manufacturing · Machine learning · Fused filament
fabrication

1 Introduction

1.1 Scenario

In the overall challenge of transitioning from automation to autonomy in manu-
facturing, an overarching question is: can a CNC machine tool learn to write a part
programwithout assistance, and then execute it whilst controlling part quality during
operation?
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We have been looking into such question with a specific focus on an additive
process known as fused filament fabrication (FFF), amaterial extrusion process based
on thermal reaction bonding (MEX-TRB [1]). In FFF, the polymer or composite
material is provided as filament, and deposited in layers, stacked upon each other to
form the final part [2].

It is generally recognised [3, 4] that for a CNC machine to achieve autonomy of
process planning and execution, the following challenges must be addressed:

(i) self-observation: the CNC machine must be able to sense itself, collecting
and storing information about its current and past operation. For FFF specifi-
cally, this means being able to sense and record axes movements, temperature,
vibrations and any other internal variables deemed relevant to manufacturing
performance;

(ii) part-observation: the CNC machine must be able to observe the part as it is
being fabricated, in order to collect information on consequences of current
and past actions. For FFF specifically, this implies the machine being able
to observe the part at multiple temporal and spatial scales, ranging from the
strand of material currently being deposited, to the layer deposited so far, to
the portion of part built;

(iii) reasoning: themachine needsmultiple layers of automated data elaboration. At
a lower-level, the machine must be capable of processing sensor data (ranging
from point to imaging sensors) in order to extract relevant information. At a
higher-level, the machine must be capable of forming its own internal “mental
models” linking its own behaviour to results, useful both as partial replacement
of further experiential data, and as a decision support tool, when operating in
predictive mode.

We envision that solving the above challenges of self-sensing, part-sensing and
reasoning would lead to improved machine autonomy, intended both as the capa-
bility of autonomous process planning (choice of process parameters and automatic
programming of the manufacturing operations, without the need of a man-made part
program), and as the capability of real-time reaction to anomalies during operation:
at a smaller temporal scale, by immediate change of process parameters/adaptive
control and optimisation; at a longer temporal scale, by adaptive replanning of the
remaining parts of the fabrication process.

The work presented here illustrates recent our research progress in the three chal-
lenge areas of self-sensing, part-sensing and reasoning, as illustrated above, focusing
on the specific objective of developing a FFF machine capable to autonomously
learn optimal extrusion parameters through previous deposition experience, thus
ultimately being capable of bypassing (or recalibrating) prescriptions provided via
the part program.
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1.2 The Extrusion Problem

The extrusion system considered in this work is summarized in Fig. 1. A filament is
driven into the melting chamber at feed rate FF (referred to as: filament feed rate) by
a motorized cogwheel (Bowden architecture [5]). The material is melted, brought to
a temperature T , and forced out through the nozzle orifice at speed vz . The nozzle is
located above the deposition plane to achieve the desired layer thickness h. During
the fabrication process, the extruder head translates over the x, y plane at travel speed
Fx,y (referred to as: extruder travel speed). Assuming an incompressiblematerial and
flow conservation, for a given extruder geometry, extrusion temperature T , and layer
thickness h, the filament feed rate FF and the extruder travel speed Fx,y determine
the width w of the deposited strand.

When fabricating a part through FFF, it is common [2] to choose different fabri-
cation speeds for different portions of the part program. In particular, the outer walls
(skin) of the part, as well as the first and the last layer, are fabricated using reduced
speeds over the deposition plane, in order to ensure more uniform adhesion between
deposited strands andbetter surfacefinish.Conversely, the inner regions of the part are
usually fabricated using higher fabrication speeds in order to shorten manufacturing
time.

In contemporary CAM/slicer software, filament feed rate FF and extruder travel
speed Fx,y are usually modified in synch, so that at steady-state, the targeted width
w for the deposited strands is achieved no matter the extruder travel speed. The
values for both the FF and Fx,y parameters are usually computed using simple flow
conservationmodels which do not take into proper account the dynamics of the extru-
sion process. Because the models focus on steady-state, during transients, constancy

Fig. 1 Schematics of the extrusion system
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of strand width is not respected. For example, the slicer software Cura [6] gener-
ates g-code with two simultaneous upwards steps for FF and Fx,y when extruder
travel speed must be increased, and two simultaneous downwards steps when it must
be decreased. In both conditions, the transient dynamics of the extrusion process
generate temporary changes of deposited strand width w. These are referred to as
temporary under-extrusion (strand thinning) when the extruder switches to higher
travel velocities, and temporary over-extrusion (strand thickening) when the extruder
is slowed down. Although both effects are typically temporary, while they last, they
are detrimental for final part quality. In particular, under-extrusion increases the
likelihood of incomplete merging between adjacent strands, with consequences for
geometry, overall structural integrity and mechanical properties of the final parts
[7]. Issues caused by over-extrusion concerns geometry accuracy, in particular in
corners and holes and poorer surface finish [8]. Material excess may also lead to
layer drooping, stringing and to the presence of blobs [9].

1.3 State of the Art

The great variety of materials, geometries and processing conditions a FFF machine
may encounter justifies the idea of developing a learning mechanism for the
machine to autonomously find an optimal solution for each operating condition,
based on previous operational experience in that condition. This in turn leads back
to addressing the challenges of self-observation, part-observation and reasoning
discussed in Sect. 1.1.

The problem of how to equip FFF machines with a wide array of devices for self-
sensing is being extensively researched in the literature, and multiple solutions have
been presented to acquire and record information on machine movements through
axes encoders [10, 11], temperature [12–15] and extrusion pressure [16, 17]. The use
of customized hot-ends has been explored to investigate the evolution of process vari-
ables related to melting and transport phenomena inside the extruder [11, 15]. The
use of acoustic emissions has been explored [18, 19], as well as the observation of the
current absorbed by the filament feeder stepper motor [20, 21] to detect phenomena
preventing uniform material extrusion, e.g., nozzle clogging. Elsewhere, the temper-
ature and flow profile of the material passing internally through the extruder have
been investigated using particle tracking on pigmented filaments and embedding a
thermocouple into the filament [22].

The challenge of observing the result of the extrusion and deposition process
has equally been investigated at multiple scales. With this aim, vision systems have
been used to observe the small region close to the nozzle in order to monitor the
newly deposited material, both from the side [23, 24] and from above [25, 26], also
using a thermal camera to investigate the cooling process [27]. Other sensing strate-
gies focused on phenomena occurring inside the part after the deposition, through
embedding sensors in the artefact during its fabrication. For example, in [28, 29],
fibre Bragg gratings have been used to measure the residual strains inside the part,
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while the use of embedded thermocouples has also been explored to investigate the
internal temperature profile [28].

A significant portion of research which could be ascribed to machine “reasoning”
has addressed the interpretation of sensor data. Frequent in the literature is the use of
mathematical modelling and numerical simulations [30–33]. At the same time digital
twins, i.e., simulation models designed to be fed with in-process data and capable
of providing a digital reproduction of the actual system [34], have been widely used
to support signal interpretation in FFF processes. Some examples can be found in
[35–39] where digital replicas of the process have been used to predict the quality of
the final part, detect anomalies, evaluate process variables and enhance the detection
of layer contours. Machine reasoning covers also the development of correlation
models linking actions to effects, in our specific case: extrusion parameters to prop-
erties of the deposited material. Studies have focused on the material being extruded,
the deposited strands, and the entire part. Finite element methods models and exper-
imental tests have been used to find relationship between the filament extrusion rate
and interlayer bonding and void presence [40]. Localised anomalies have been also
analysed in relation to different velocity profiles using CFD simulation to estimate
under- and over-extrusion in corners [32]. The part mesostructure has been simu-
lated using CFD to investigate how layer thickness and distance between adjacent
strands may influence it [41]. Concerning the entire part, models considering feed
rate, layer thickness and temperature have been developed to estimate dimensional
accuracy and surface roughness [42]. Thematerial exiting the nozzle has been studied
in simulations aimed at investigating the die swelling effect in relation to different
extrusion temperatures and flow rates [43].

As stated earlier in the introduction, in this work we address the problem of
creating a reasoning system for an FFF machine, capable of learning optimal extru-
sion parameters through deposition experience. However, for the time being, the
results of such learning are not meant to be applied in real-time during fabrica-
tion, but rather translated into the machine capability of automatically modifying its
part program ahead of its next execution. In such a context, it is useful to mention
notable literature work on g-code optimisation/automated generation in FFF. In [44]
irregularities in the geometry of strands deposited along curved paths are reduced
through modifications of the extrusion rate depending on local tangential velocity
of the extruder on the part. Others authors have focused into optimising extrusion
and deposition parameters in correspondence of specific features that must be built
(e.g., holes, thin walls, [45]). Issues related to reducing the irregularity of deposited
strands, discussed earlier in Sect. 1.2, have been addressed by some authors for
different MEX processes. For example, in [46] for silicone extrusion (MEX-CRB/
P/Silicone [1]), the g-code is modified ahead of execution in order to reduce the
under-extrusion observed when the extruder begins depositing, due to it taking some
time to ramp-up to a steady flow-rate. In [47], the modifications are more radical:
the CNC architecture of a FFF machine is replaced by an industrial robot and a
custom post-processor is proposed that converts the part-program to the new archi-
tecture, enabling smoother traversal speeds for the extruder and resulting in a more
uniform deposited strand.Machine learning technologies are increasingly being used
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to optimise part programs. For example, in [48] an approach based on reinforcement
learning is proposed to optimise the part program dedicated to the realisation of
thin-walled structures. However, the solution is not for FFF, but rather for wire arc
additive manufacturing.

2 Methods

2.1 Targeted Process Parameters and Variables

The objective of this work was to develop an element of machine intelligence specifi-
cally dedicated to learning new strategies formodifying filament feed rate FF in order
to reduce transient under and over-extrusion phenomena taking place when a change
of extruder travel speed Fx,y is programmed within the part program (written in g-
code). In this investigation, the default upwards and downwards step-like changes
of Fx,y introduced by Cura [6] are left untouched. However, future research will
look into ways for the machine to also learn how to modify Fx,y (along with FF )
so that both parameters can be optimised to reduce under- and over-extrusion. An
even further research step would target the implementation of strategies for changing
FF and Fx,y in-process and in real-time, to address disturbances, or to implement
adaptive optimisation of process parameters if anything changes during fabrication.

2.2 Solutions for Self-sensing and Part-Sensing

For use in this and other projects, we have been developing a number of custom
extruder heads equipped with multiple sensors [11, 39, 49, 50]. The first of the two
FFF prototypes used in this work is a custom machine featuring a three-axis Carte-
sian architecture (Fig. 2). The build platform moves along x, y direction, while the
extruder is mounted on a horizontal gantry which moves along the vertical direction.
The extruder is equipped to process filaments with a diameter of 1.75 mm, while the
nozzle has a diameter of 0.4 mm. The extrusion system has a Bowden configuration,
in which cold end and hot end are physically separated. Sensors include thermocou-
ples (for temperature in the melting chamber and at the nozzle exit), load cells (to
measure filament compression as it enters the melting chamber), and optical rotary
encoders to monitor the rotation of the motor-powered and driven cogwheels that
determine filament feed rate. The travel path and speed of the extruder head over the
x, y build platform is also monitored through optical rotary encoders.

Whilst the aforementioned sensors cover the self-sensing functionality required
for the FFF machine, in this specific work the challenge of making the machine
also capable of observing the results of its operation (i.e., part-sensing) involved the
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Fig. 2 One of the two FFF prototypes used in this work. Complete FFFmachine featuring multiple
sensors on the Cartesian axes and extruder head

possibility to observe (and measure) the width of deposited strands using a non-
contact solution.

The problem of observing the strand is a challenging one: the main hurdles are
related to access and observability, considering that the extrusion process implies
moving parts that may need to be tracked, the deposition event may be temporarily
occluded from view depending on extruder trajectory (if observed from a specific
side), while—if observing from above—the extrudatemay exit the nozzle in different
directions on the x, y plane, depending on current travel direction. Whilst we are
working on custom machine architectures specifically dedicated to support real-
time deposited strand observation, for the purpose of this specific work we relied
on a more indirect approach, making use of another dedicated experimental FFF
machine, consisting of a stationary extruder that releases material in-air, and a high-
speed optical camera (DMK 33UP2000 [51]) featuring a 1920 × 1200 pixel CMOS
sensor, which observes the extrudate as it leaves the nozzle orificewith a resolution of
914pixel/mmand aFoVof 2.1×1.6mm[49]. Ths second experimental FFFmachine
features a Bowden extruder identical to the one mounted on the other machine, and
also extrudes a 1.75 mm diameter filament through a 0.4 mm nozzle. The combined
use a particle-laden filament and in-house built software for particle tracking [49]
allows tomeasure extrudate vertical speed vz at the nozzle exit,whilst at the same time
recording filament feed rate FF through optical rotary encoders (Broadcom-Avago
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Fig. 3 Second FFF prototype used in this work; a custom multi-sensor FFF extruder head for in-
air extrusion at fixed-position, paired with high-speed optical camera; b detail of extrudate speed
measurement vz using particle tracking [49]

AEDM-5810-Z12, 5000 ppr [52]) mounted on the filament-driving cogwheels (see
Fig. 3).

For the specific purpose of this work, the problem of observing the actual width
of the deposited strand was only solved indirectly: (i) we started from a numerical
simulation of the extrusion process developed in previous work [49] to identify a first
model linking FF and vz ; (ii) the simulation parameters were then calibrated using
experimental data collected from the in-air extrusion apparatus shown in Fig. 3 [49];
(iii) the calibrated simulation was turned into a digital twin, capable of predicting
vz in real-time from Fx,y and FF data provided by g-code or in-process sensors.
(iv) to make the digital twin faster at estimating vz, we used a previously developed
method [53] based on deep learning to teach a non-linear autoregressive model with
exogenous variables (NARX) to replicate the results of the original simulation. Once
properly fitted, the NARX is able to mimic the behaviour of the original twin at a
fraction of the computational time; (v) as the prediction stops at vz, we extended the
twin by adding an algebraicmodel based on flow conservation [49] to compute strand
width w from vz . This latter model works under the assumptions of constant gap h
between the orifice and the surface underneath. This solution is only temporary, as
our prediction for strand width w cannot take into account actual fluctuations of the
gap h, and will be replaced by direct, optical observation of deposited strand width
on the build plate (in progress).

Despite the limitations, the method illustrated above allowed to obtain a service-
able digital twin capable of predicting strand width once provided with FF and
Fx,y values. The twin was then transferred to the other experimental FFF machine
(Fig. 2) dedicated to performing actual strand deposition test runs, to experiment
with different automated decision systems, all supported by the digital twin to predict
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consequences of choosing different FF modification strategies. Since the machines
used in this work are all based on a Bowden extruder architecture, the applicability of
the developed digital twin is limited to machines using the same architecture. With
the Bowden architecture though, the digital twin can be adapted to operate on any
machine, as long as properly tuned using data from that machine.

2.3 Solution for Filament Feed Rate Optimisation

The filament feed rate optimiser plays the role of the “reasoning” system within
the conceptual framework of autonomous FFF machine, although it is limited to
intervening on only one process parameter (the filament feed rate FF ) in order to
influence only one process variable (deposited strandwidthw). The intendedmode of
operation is referred to as “model-supported” reasoning, as the optimiser ultimately
identifies the optimal values for FF by using the digital twin (Sect. 2.2.) to predict
the effects of choosing different FF values on deposited strand widthw. Although in
future implementations we will be exploring the use of such an optimiser in real-time
“reactive” mode (i.e. the optimiser decides new values for FF in-process, consequent
to detecting changes inw through real-time observation/simulation), for the purpose
of this work, we have been only exploring the possibility of using the optimiser to
modify the g-code ahead of execution (pre-process optimisation), making use of w
predictions (from the digital twin) to estimate the benefits of any change introduced
in the g-code.

In its current configuration, the optimiser is powered by a genetic algorithm.
Training is performed as follows: (i) portions of g-code containing changes in Fx,y

are isolated from the part program, considering a time window of fixed width,
containing the step change; (ii) for each window, a full time-series for Fx,y is gener-
ated, containing the step-wise transition (Fig. 4a); (iii) for each window, an equal
length time-series for FF is generated also from the instructions contained in the
original g-code (Fig. 4b). Because the slicer (Cura) implements simultaneous step-
changes, the steps in the FF and Fx,y time histories are time-aligned. The two time-
series shown in Fig. 4a, b represent the behaviour of the two process parameters
according to the original g-code in relation to a specific time window. The behaviour
of the targeted process variablew (deposited strand width) is computed by the digital
twin over the same time interval (Fig. 4c). The twin is interrogatedwith the time series
shown in Fig. 4a, b to produce the result shown. Figure 4, is actually showing an
episode of acceleration in the deposition, temporarily causing under-extrusion.

The objective function for the genetic algorithm consists of the area between
w0 (the target, ideally constant strand width) and the real width w (referred to as
cumulative width error).

The search consists of exploring the infinite time series which can be adopted for
FF (departing from the initial synchronous step) in order to minimize the cumulative
width error. Note that in Fig. 4c in addition to the transient region for the real width
w, another element of consistent differentiation is visible betweenw andw0: the real
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Fig. 4 a Time series
corresponding to a step-wise
transition for Fx,y as
generated from the g-code;
b simultaneous step-change
in FF , also from the g-code;
c deposited strand width w

resulting from the
simultaneous step-wise
transitions of Fx,y and FF

width is consistently smaller than the reference set by Cura because the slicer does
not consider filament slippage, which reduces overall material flow and causes under-
extrusion [7]. On the contrary, slippage is included in the digital twin [49]. Hence,
the genetic algorithm optimiser discussed in this work operates both to minimize w
variations and to compensate for slippage.

For the time being, we have further constrained the search space by only allowing
time series for FF which feature two consecutive step changes, as summarized in
Fig. 5. As illustrated in the figure, the genetic algorithm considers only four indepen-
dent search variables, representing respectively: time instant to initiate the first step
(t1); filament feed rate to be reached in the first step (FF,1); time instant to initiate
the second step (t2) and filament feed rate to be reached (FF,2) and kept stationary.
Note that, no constraint is imposed to whether the two steps should be upwards or
downwards-oriented, the optimiser is free to decide autonomously. In designing the
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Fig. 5 Search variables for
the genetic algorithm: time
instants to initiate the two
steps t1 and t2, and filament
feed rates to be reached in
the first (FF,1) and in the
second (FF,2) step

optimisation problem, we had originally explored also ramp-like and freeform tran-
sients for FF . However, we have currently decided against such types of transients, as
preliminary optimisation tests seemed to indicate convergence towards double-step
transients anyways. Importantly, the inclusion of the filament feed rate to be reached
(FF,2) as the fourth search variable, implies that the optimiser is free to operate also
on the FF values that apply to steady-state conditions, potentially overriding the
choice of the slicer software even in such scenarios (important to minimize slippage,
as discussed above). Note in fact that FF,2 optimised for any step-like transition is
also the initial steady-state filament feed rate for the next step-like transition.

The genetic algorithm currently uses a population of 50 individuals, and runs 200
generations, or fewer, if one of the early termination criterions is satisfied. Early
termination is triggered if (i) the cumulative width error is ≤10% of the cumulative
width error computed pre-optimisation; or (ii) the average change of cumulative
width error between two consecutive generations is less than 10–6. The crossover
operator (crossover—scattered) and the mutation operator (mutation—gaussian) are
run with 0.8 and 1.0 probabilities, respectively. Three individuals are chosen at the
end of each generation to generate the offspring (elitist model NSGA-II [54]). Once
the genetic algorithm optimisation has been run on all the step-like changes of Fx,y

found in the part program, the produced, optimal FF time series are used to update
the g-code. The whole optimisation is executed off-line.

3 Results

The test case consisted of a part program (g-code) containing 17 step changes for
Fx,y and a corresponding number of simultaneous step changes for FF . The part
program was processed by the optimiser off-line. The optimiser was run separately
on each step, by selecting a window covering a time interval of −2.5 s before and
+2.5 s after the step change. The x, y and FF time series for the time interval were
generated as illustrated in Sect. 2.3, by simulating parameter evolution over time at
0.01 s sampling rate (100 Hz), corresponding to the sampling rate of the encoders
dedicated to observing the same variables (rotary optical encoders on the x, y axes,
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and rotary optical encoder on the motor-driven cogwheel driving the filament into
the melting chamber (Sect. 2.2 and Fig. 2). The step changes for the extruder travel
speed Fx,y were processed by the optimiser in a sequential manner. This is because
the last of the four parameters altered by the optimisation applied to a specific step
(i.e., FF,2, Sect. 2.3), corresponds to the filament feed rate being enacted by the
extruder when the next step is reached.

In Fig. 6, an example run for the optimiser is shown, applied to a upwards step for
Fx,y . Figure 7 shows an equivalent example for a downwards step. In both figures the
leftmost panel indicate the time series before the optimisation, the rightmost panel
those after the optimisation. Note that Fx,y is unchanged as it is not altered by the
optimisers, whilst FF changes from its default step-like appearance (as originally
programmed by the slicer) to the two-step configuration computed by the optimiser.
The plots for the deposited strand width w are obtained by interrogating the digital
twin with the original and updated FF time series. For the specific cases illustrated
in Fig. 6 the cumulative width error (Sect. 2.3) changed from 1.64 mm2 to 0.48 mm2

(over the 5 s time window). For the step in Fig. 7, the error changed from 42.49 mm2

to 4.23 mm2 over the 5 s time window. Similar results were obtained for the other
steps, resulting in an average error reduction which often got closer to one order of
magnitude with respect to the original values.

Fig. 6 Operation of the optimiser on one of the Fx,y upwards steps in the test g-code. Left panel:
before optimisation; right panel: after optimisation. In both panels: top: Fx,y ; middle: FF ; bottom:
w and w0
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Fig. 7 Operation of the optimiser on one of the Fx,y downwards steps in the test g-code. Left panel:
before optimisation; right panel: after optimisation. In both panels: top: Fx,y ; middle: FF ; bottom:
w and w0

Note that, as illustrated in Sect. 2.3, the digital twin is interrogated multiple times
during optimisation to test for alternatives corresponding to all the individuals of the
populationmanaged by the genetic algorithm, and for each generation of the evolving
population. For our current configuration of the optimiser, the twin is interrogated on
average 4000 times for each individual step-wise change to be optimised. Replacing
the original twin with a NARX powered by machine learning helped significantly
reducing the temporal overhead (each original simulation run took on average 50 s
for a time-history of 5 s, whilst the NARX equivalent took 0.08 s per run).

4 Conclusions

In this work we have illustrated the development of a solution for a FFF machine to
learn optimal extrusion parameters using data from previous depositions. The solu-
tion does not allow for in-process correction, and is currently limited to providing a
means for the g-code to be optimised ahead of its next execution. G-code optimisa-
tion itself is currently focused solely on making the deposited strand more uniform
in width, compensating over and under-extrusion effects which normally occur as in
default operation filament feed-rate is not ideally optimised with respect to current
extruder traversal speed over the deposition surface. Our optimiser currently only
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operates by modifying filament feed-rate within the g-code. Another limitation is
that our FFF machine does not really learn to perform a better extrusion and depo-
sition process by observing all the involved variables. Rather, it uses a mixture of
observations (time-series from sensed extruder travel speed and filament feed rate,
collected in previous depositions), and simulated data, consisting of deposited strand
widths computed by a digital twin, validated in previous work.

Our current results are clearly work in progress towards a future goal of imple-
menting a more comprehensive sensing and learning system, in particular so that
the reliance on simulated predictions is balanced by using more information directly
captured from the process. Our solution is currently based on a combination of
methods using deep learning, genetic algorithms and digital twinning. Despite
the aforementioned limitations, the implemented g-code optimisation system was
capable of achieving a reduction of over- and under-extrusion phenomena of approx-
imately one order of magnitude with respect to the initial unoptimised state, when
applied to the test case. Our solution can currently operate only as a pre-optimiser
of the part program. We envision the future possibility to reach to a full in-process,
real-time system for strand width control and adaptive optimisation during deposi-
tion. To achieve this longer-term aim, we are developing technologies for in-process
strand measurement, and in-process learning of correlation models better capturing
the relationships between extrusion process parameters and geometric results for the
deposited part.
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Unlocking New In-Situ Defect Detection
Capabilities in Additive Manufacturing
with Machine Learning
and a Recoater-Based Imaging
Architecture

Matteo Bugatti, Marco Grasso, and Bianca Maria Colosimo

Abstract Additive manufacturing (AM) has the potential to revolutionize the way
products are designed and produced in a wide range of industries. However, ensuring
the quality and reliability ofAMparts remains a challenge, as defects canoccur during
the building process. In-situ monitoring is a promising approach for detecting and
classifying these defects for in-process part qualification. In this paper, we present a
novel approach for in-situ monitoring of laser powder bed fusion (LPBF) processes
using a recoater-based imaging sensor and machine learning algorithms. The new
sensor architecture is a recoater-mounted contact image sensor (CIS) and allows
for high-resolution imaging of the build area during the recoating process, enabling
the observation of a wide range of part and process-related defects. We demon-
strate the effectiveness of using machine learning for image analysis on a series
of experiments on a commercial AM system, showing significant improvements in
defect detection accuracy compared to existing methods. Our results demonstrate the
potential of the recoater-based sensor architecture for unlocking new capabilities for
in-situ monitoring and quality control in powder bed-based AM processes.

Keywords Additive manufacturing · In-situ monitoring · Recoater-based imaging
sensor

1 Introduction

Quality assurance of AM products is crucial to ensure functionality and safety of
the products. Metal AM can suffer from a wide range of defects such as porosity,
cracks, and inclusions. These defects are often generated during the AM process
itself and it can be challenging to detect them in the final product. This is especially
true when dealing with complex structures that are more difficult to inspect with
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traditional non-destructive testing (NDT) methods [1]. Over the past several years,
there has been a growing interest in in-situ monitoring of AM processes to detect
and classify defects in real-time. This approach leverages the “openness” of the AM
process, which allows for the observation of the build area during the process, and it
is considered to have the potential to significantly reduce the cost of quality control
and, in the future, improve the overall quality of AM parts via a combination of
in-situ monitoring and process control.

A wide variety of monitoring techniques have been explored in the literature,
both image (e.g. optical, thermal and x-ray imaging) and non-image based methods
(e.g. acoustic emission and ultrasonic) [2]. However, most of these methods suffer
from one or more of the following limitations: (i) low spatial resolution, (ii) small
field of view or (iii) limited applicability to industrial AMprocesses. Optical imaging
methods are among themost popular in-situmonitoring techniques forAMprocesses.
Newer industrial machines are usually equipped with one external camera pointed
at the build platform. The camera is used to take images of the printed area and of
the surrounding powder bed throughout the build process. These images can be used
to detect some powder bed inhomogeneities, such as incomplete spreading, powder
streaking or recoater hopping. However, thesemethods are limited to detecting large-
scale defects and are not suitable for smaller powder bed defects, such as contami-
nations. In addition, the low resolution does not allow to perform part reconstruction
or detect small-scale defects that may appear on the top surface of the printed part
(e.g., open pores, balling etc.).

To unlock the full potential of optical imaging for AM in-situ monitoring, it
is necessary to combine high-resolution imaging with a field of view that is large
enough to cover the entire build area. In a recent work [3], we demonstrated the
implementation of a recoater-mounted contact image sensor (CIS) for in-situ moni-
toring of LPBF processes. The type of sensor, which is often used in other quality
control applications, and its position in the build chamber offer several advantages
over the traditional external camera. In addition to the large field of view and higher
resolution, the CIS offers the ability to capture color images and, thanks to the inte-
grated lighting system, provides a more homogeneous illumination across the scene.
These two additional features contribute to significantly improve the image quality
compared to external cameras. Other authors [4], using a similar architecture, have
also demonstrated that by leveraging an additional feature of the sensor, i.e., the
extremely short focal length, a pseudo height map can be reconstructed from the
images. This allows to detect out-of-plane defects in the powder bed and on the
printed parts, but the accuracy is limited and the “direction” of the deviation (e.g.,
whether the out-of-plane is a peak or a valley) cannot be determined.

In this paper, we explore the impact of this new sensor architecture on the perfor-
mance of a machine learning algorithm for detecting dimensional and geometrical
deviations in the printed part. A comparative study between the recoater-mounted
CIS and the external camera is also presented to highlight differences and potential
limitations of the two architectures.
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2 Equipment and Experimental Setup

The case study investigated in this paper is a test print of a series of bridge samples
printed with different support structures. The test print was performed on a commer-
cial LPBF system (3D-NT) equipped with a recoater-mounted CIS and an external
camera module. The specifications of the two sensors are summarized in Table 1.

The four samples were printed using the same process parameters reported in
Table 2.

The only difference between the samples is the support strategy used. The bridge-
like geometry was specifically designed to enhance the stress-induced deformation.
Table 3 summarizes the main characteristics of the four support structures shown in
Fig. 1.

The standard support strategy (Fig. 1a) serves as a baseline to compare against
the other, increasingly weaker, support structures.

Table 1 Monitoring equipment

CIS Camera

Working distance (WD) [mm] 14 500

Resolution [µm/px] 21 100

Mode Color Mono

Depth 8-bit 8-bit

Table 2 Process parameters

Parameter Value

Power [W] 200

Scan speed [mm/s] 1000

Hatch distance [µm] 90

Scan strategy Hatching

Layer thickness [µm] 25

Build plate material AlSi10Mg

Focal position f [mm] 0

Beam waist diameter D4σ [mm] 0.05

Table 3 Types of support structures

Standard Pillar 0.6 Pillar 0.3 Single line

Shape Lattice wall Pillar Pillar Lattice wall

Thickness/diameter [mm] 0.5 0.6 0.3 0.5

Distance btw. walls/pillars [mm] 5 5 5 –

Support-Part connection Triangular Rounded Rounded Triangular
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Fig. 1 Types of support structures

This experiment investigates the well-known trade-off between buildability and
post-processing costs. Robust support structures make it easier to print the part, but
they add complexity to the post-processing operations (i.e., support removal).

On the other hand, weaker support structures simplify the post-processing and
increase the cost-effectiveness of production, but they are more likely to fail under
residual stress load. If some supports fail, the printed part will lack fixed anchor
points, which can lead to geometrical and dimensional deviations from the original
design. Excessive deviations result in a part that is out of tolerance and must be
scrapped, thus increasing the cost of production, and reducing the overall efficiency
of the process.

In this scenario, the application of in-situ monitoring can be beneficial and allow
tomonitor the integrity of support structures to prevent the onset of critical deviations
and stop the build process to prevent the production of a defective part and minimize
waste.

To validate the results of the in-situ monitoring method developed in this work,
the geometrical and dimensional deviations of the samples were measured ex-situ
via CT-scan.
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3 Methodology

The integrity of support structures can be monitored either directly or indirectly.
Direct monitoring of the support structures consists in observing the support
structures during the build process. Due to the typical size of the support stuc-
tures, direct monitoring is only possible with high-resolution sensors, such as the
recoater-mounted CIS.

The indirect way of monitoring the support structures consists in observing the
behavior of the supported part during the build process. When the support fails under
residual stress load, the supported part will start warping. As soon as the warping
exceeds the powder bed thickness (typically less than 0.1 mm), the recoater will fail
to spread the powder over the warped portion of the part and the part will remain
exposed. The incomplete powder spreading can be observed in the layerwise images,
and it can be used to infer the integrity of the support structures, or the lack of support
structures altogether.

In the literature, there are several examples of algorithms capable of detecting
defects associated to powder bed inohomogenities. For example, Zhang et al. [5],
report they can detect height differences in each printed layer, while Zur Jacob-
smuhlen et al. [6, 7] in two different studies specifically worked on super-elevated
edges, and developed a method to classify them into critical and non-critical classes.
Scime et al. [8, 9] developed a classifier based on deep convolutional neural networks
to identify recoating defects, such as streaking, hopping and super-elevation.

In this work, a new method was developed to automatically detect part warping
and other phenomena that affect the powder spreading using the in-situ images. The
main steps of the algorithm are briefly outlined in the following:

1. Pre-processing: perspective and flat field correction.
2. Masking: the regions of interest (RoI) corresponding to each printed part at layer

i are isolated in the corresponding post-deposition image using the nominal slice
of layer i as a reference.

3. Empirical probability density function (PDF): the histogram of the region of
interest was extracted.

4. Dimensionality reduction: the simplicial functional principal component analysis
(SFPCA) is performed to find the directions along which the dataset displays the
maximum variability. The first K principal components are retained based on the
percentage of explained variability.

5. Scores calculation: the first K scores are then used to analyze the dataset.

In a preliminary step, flat field and perspective corrections (homography) are
applied to the layerwise images obtained from the recoater-mounted CIS and the
external camera to get a top-down view of the build area, similar to the nominal
layerwise images. The images are then registered and cropped to match the size
of the corresponding nominal slice and the position of the parts. After registration,
the images are smoothed and the pixel intensity is modified to correct for broad
illumination inhomogeneities.
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Compared to the external camera images (Fig. 2), the unprocessed CIS images
(Fig. 3) already provide a close to perfect top-down view of the build platform. Only
minor corrections must be performed to adjust for alignment errors when mounting
the CIS on the recoater. This results in a final image that is less distorted and higher
quality.

After the preliminary steps and the image pre-processing is complete, themasking
step is performed (Fig. 4). This operation makes the method completely shape-
agnostic and exploits the nominal slice shape as prior knowledge about the area
where to look for powder bed inhomogeneity anomalies. A “dilated” version of the

Fig. 2 Homography operation on external camera images, before (a) and after (b)

Fig. 3 Perspective correction on CIS images, before (a) and after (b). Almost no correction is
required in this case
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Fig. 4 Extraction of the empirical PDF function from the ROI

mask of each part is applied to make sure to include some of the surrounding powder
for reference.

The extraction of the empirical PDF is then performed for each individual masked
area (i.e., each individual part). The intuition behind this approach is that functional
data that represent the empirical PDFwill differwhen theROI under analysis contains
only an homogeneous powder layer (i.e., in control condition) or powder and a portion
of the part (i.e., out-of-control condition).

However, dealing with functional datasets can be complex due to the intrinsic
high dimensionality (Fig. 4). For this reason, a dimensionality reduction step was
implemented. Simplicial functional principal component analysis (SFPCA) [10] was
used for this task. SFPCA is a specific counterpart of the traditional FPCA which
is performed within the space of density functions (Bayes space B2), and allows to
obtain a high-quality approximation of PDFs, while preserving their constraints. This
method was originally developed by Menafoglio et al. [11] to monitor the quality of
metal foams from the empirical PDF of specific variables of interest. In this work, the
same approach SFPCA-based was used to reduce the dimensionality of the dataset.

The SFPCA procedure finds the directions in B2 along which the variability of
the dataset is maximized. Using the associated eigenvalues, ρi , computed from the
SFPCA, it is possible to identify the minimum number, K, of SFPCs needed to retain
a specific amount of the total variability, according to Eq. (1):

∑K

i=1
ρi

/∑∞
i=1

ρi (1)

The first K scores, i.e., the projection of the original empirical PDFs along the
firstK principal directions, were then used to study the problem in a low dimensional
space with respect to that of the original functional dataset.

4 Discussion of Results

Two main types of defects were found during the print, i.e., the presence of warping
(Fig. 5) or incomplete recoating of the part (Fig. 6).
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Fig. 5 Post-deposition images showing different stages of the warping defect in the sample with
single line support

Fig. 6 Incomplete spreading due to insufficient powder feed (layer 238–247)

The detected anomalies match very closely the defects observed in the CT-scan
(Figs. 7 and 8).

The samples printed with the standard and the pillar 0.6 mm support structures
(Fig. 7a, b) showed no significant deviations from the nominal shape. All the supports
were intact at the end of the print, which confirms that the support structures were
robust enough to withstand the residual stress load.

Significant warping was observed immediately after printing the first overhang
layers of the least supported sample, i.e., the bridge with single line supports. The
lack of anchor points on the sides of the sample resulted in a visible deformation and
consequent deviation from the nominal shape.

The bridge with 0.3 mm pillar supports showed an intermediate behavior. The
supports were able to withstand the residual stress load for the first few layers, after
which the supports subjected to the highest load (i.e., near the edge) started to fail.
The final deformation of the bridge exceeds 2 mm near its most extreme region.

The incomplete spreading, on the other hand, led to a thicker layer of powder
being deposited when powder supply was restored. Since the energy density was
not sufficient to fully melt such a thick layer of powder, gaps and delaminations are
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Fig. 7 CT-scan of the bridge samples. The most supported samples, i.e., standard (a) and pillar 0.6
(b), show little to no deformation, unlike the least supported ones, i.e., pillar 0.3 (c) and single line
(d)

Fig. 8 Lack-of-fusion and delamination in the standard supports sample due to incomplete
spreading from layer 238 to 247

observed at that specific layer height due to lack-of-fusion and incomplete bonding
between the new layer and the existing part (Fig. 8).

When large deviations occur, i.e., an extended region of the part is not covered
by the new powder layer, the empirical PDFs show a significant departure from the
standard unimodal distribution that is expected in the histogram of a well recoated
region. The empirical PDFs extracted from two different groups of images, in-control
(from layer 50–70) and out-of-control (from layer 230–250) are show in Fig. 9.

After applying the SFPCA procedure and computing the eigenvalues and eigen-
functions, it is possible to see that the only the first 2 SFPCs are necessary to retain
almost 90% of the total variability (Fig. 10).

The scores for the two sets of observations (in-control and out-of-control) are
shown inFig. 11.Twowell separated clusters are clearly visible in the scatterplot. This
means that, just by using the first 2 scores of the SFPCA, in-control and out-of-control
PDFs can be immediately identified.

The same approach was tested on the external camera images, but the results
were not on par with the CIS (Fig. 12). The separation between in-control and out-
of-control clusters is not as clear and some out-of-control observations fall close to
the in-control ones.



98 M. Bugatti et al.

Fig. 9 Comparison between the in-control (layer 50–70) and out-of-control (layer 230–250)
empirical PDFs (CIS images) of the standard supports sample

Fig. 10 Explained variance of each PC

Despite the layers under analysis being the exact same, the difference in perfor-
mance is most probably related to the lower quality images acquired by the external
camera. The empirical PDFs extracted from the camera images (Fig. 13) show a
noisier distribution, even when considering only the in-control conditions. This is
likely the root cause of the lower precision of the external camera at detecting shifts
in the distribution using principal components scores.

A direct comparison between the images of the two sensors is shown in Fig. 14.
The CIS allows to inspect the part at an unprecedented resolution, giving the ability
to observe surface patterns that are not visible to the external camera. The images
of the recoater-mounted CIS provide a better contrast between the powder and the
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Fig. 11 First 2 scores of the in-control and out-of-control empirical PDFs extracted from the CIS
images

Fig. 12 First 2 scores of the in-control and out-of-control empirical PDFs extracted from the
external camera images

printed part, and three distinct types of surface patterns can be observed, depending
on the phase of the powder, i.e., (i) fully melted powder, (ii) partially melted powder,
and (iii) unmelted powder. On the other hand, the images of the external camera show
a more uniform surface, with no visible differences between some surface pattern
(e.g., unmelted and partially melted powder).
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Fig. 13 Comparison between the in-control (layer 50–70) and out-of-control (layer 230–250)
empirical PDFs (external camera images) of the standard supports sample

Fig. 14 Image quality comparison. Full images from the CIS (a) and the external camera (b) and
side by side comparison (c) (CIS on the top, and camera on the bottom)
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5 Conclusion and Future Work

In this paper, we have presented a comparative study between the recoater-mounted
CIS and the external camera for in-situ monitoring of LPBF processes. The results
of this study show that the recoater-mounted CIS is a promising sensor architecture
for in-situ monitoring of LPBF processes and it can be used to detect the onset of
critical deviations in the printed part. Compared to the external camera, the recoater-
mounted CIS ismore precise at detecting critical deviations in the image composition
that are not as clear to the external camera. This translates to a quicker detection of
deviations before they exceed the tolerance limits, and the part needs to be scrapped.
This higher precision can be used to act earlier on the process and, when possible,
adjust the printing strategy to recover from the deviation and save the part rather than
stopping its production altogether.

This study primarily concentrated on identifying large-scale deviations in the
components. However, the high-resolution images obtained by the recoater-mounted
CIS can be utilized to detect small-scale defects by implementing the empirical PDF-
based technique on smaller areas of the powder bed. Future research will focus on
detecting other types of defects, such as spatters and contamination, which are not
visible to conventional inspection methods but are known to cause the development
of porosity and inclusions in the finished product.
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Preliminary Study on the Feasibility
of Electrically Assisted Direct Joining
of Titanium and PEEK

Silvia Ilaria Scipioni, Alfonso Paoletti, and Francesco Lambiase

Abstract The present study introduces an electrically assisted direct joining process
for hybrid metal-polymer connections. The process consists of the adoption of an
electrical current to heat the metal component, which is pressed against a ther-
moplastic polymer. Titanium grade 2 and Polyetheretherketone were selected for
the preliminary testing campaign. An instrumented equipment was developed to
control and measure the main process parameters such as the voltage and the current
during the joining process. The investigation was carried out to determine the feasi-
bility of the process. To this end, preliminary experimental tests were performed
by varying the main process parameters. The metal surface’s laser texturing was
performed before joining to promote micromechanical interlocking. Quality assess-
ment of the connections was carried out through single lap shear tests and fracture
surface analysis.

Keywords Resistance welding · Polymers · Hybrid joints

1 Introduction

It is increasingly common in greatmanyfields, such as transportation, biomedical and
structural [1], to use multi-material structures, composed by polymers (or reinforced
polymers) and metals. Even though joining such different materials brings consider-
able advantages e.g. reduction of structures’ weight, it also involves different issues
from a processing perspective. Indeed, metals and polymers, show different phys-
ical, mechanical, and thermal properties and this can introduce some constraints and
limitations.

Traditionally, mechanical fastening or adhesive bonding have been used to join
dissimilar materials. These processes are characterized by significant problems in
terms of durability, energy efficiency, and environmental impact due to the use
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of chemicals. Regarding productivity, both processes require pre or post-treatment
phases: inmechanical joining, drilling is required, while in adhesive bonding, surface
pre-treatment and curing times are often needed. Then, concerning mechanical prop-
erties, mechanical fastening shows high-stress concentrations and the requirement
of external components, which increase weight and costs. Therefore, given the great
demand from different manufacturing fields, severe efforts are being expended to
overcome the limitations of traditional joining processes. For these reasons, different
joining processes have been developed in recent years. Among them, heat-assisted
joining processes, such as laser-assisted joining (LAJ) [2], friction-assisted joining
(FAJ) [3], friction spot joining [4], and ultrasonic joining [5–7], have been greatly
used to join dissimilar materials.

These processes involve two different steps to make the joining occur: heating
the interface and applying external pressure to create the bonding, producing a
tight connection between the substrates. In the LAJ process, the transparency of
the polymer at the laser wavelength is exploited to directly heat the interface. The
joining mechanisms achieved by these processes can be chemical (e.g. CO bonds),
physical (Van der Waals forces), or mechanical. In addition, the process has high
efficiency and reduced joining times, due to the use of confined heat sources. These
processes, which have been subjected to recent studies, have also demonstrated their
feasibility in bonds where composites with thermoset or thermoplastic matrices [8,
9] and engineering plastics (such as PEEK [10]) were used.

On the other hand, in the FAJ process, the uppermaterial ismetallic.A rotating tool
is plunged into the top face and it is due to the rotation and vertical force applied by
the tool that the joint is generated. Several pretreatments exist to increase the bond
strength [11], including anodization of the metal substrate [12–14], grafting [15],
formation of macroscopic [16], and microscopic structures on the metal substrate
[17]. Such pretreatments promote the formation of CO bonds and the increase of
mechanical interlocking. To reduce the formation of porosity [18], which can damage
the joint formation, ultrasonic systems can be adopted [19].

The joint formation is strongly influenced by the thermal and mechanical char-
acteristics of the substrates. Currently, only a few studies have been conducted to
investigate the possibility of joining techno-polymers. In [20] the feasibility of joining
PEEK and AA5053 aluminum alloy sheets was investigated, demonstrating how it
is possible to obtain high mechanical strength, with a maximum shear strength of
47 MPa.

In the present study, the possibility of joining titanium and PEEK was investi-
gated; these materials are mostly employed in various sectors, including aeronautics,
aerospace, and biomedical, owing to their biocompatibility and high strength/weight
ratio. The joint between titanium and PEEK was produced through an electrically
assisted direct joining process. To this end, prototypal equipment was developed by
modifying an existing resistance spot welder machine. The machine was modified
to be controlled by an external interface by remotely controlling proportional relays
connected to a commercial IO board and a LabVIEW program.

Preliminary experimental tests were conducted using a thermal imaging camera to
observe the temperature trend during the process. This enabled the identification of
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a suitable processing window to perform preliminary joining tests. Therefore, some
joining tests were performed with the aim of determining the main characteristics of
the joints.Mechanical characterization and fracture surfacemorphologywere carried
out on the joints produced to perform a quality assessment.

2 Electrically Assisted Direct Joining

Electrically assisted direct joining of dissimilar material such as metals and thermo-
plastics (or reinforced thermoplastics) is a thermomechanical joining process [21]
which exploits the Joule’s heating effect through a material as a heating medium.
To this end, an overlapping configuration can be used, as schematized in Fig. 1.
During the process, the electrodes come into contact with the upper (conductive)
material, which is rapidly heated through the Joule’s effect. Thus, the temperature at
the metal-polymer interface also steeply rises leading to joint formation. After the
current flow, the metal rapidly cools down leading to joint consolidation. The joint
formation is due to different joining mechanisms, which depend on the materials
involved, the surface morphology, the pressure, and the temperature distribution.
The joining mechanisms include the formation of physical and chemical bonding as
well as mechanical microinterlocking [22].

Compared to the other thermomechanical joining processes, electrically assisted
joining provides different advantages. Indeed, it does not produce beam reflections
and it is not affected by laser radiation absorption such as laser-assisted joining.
During the joining operation, the electrodes are in tight contact with the components;
thus, the process is not characterized by movable tools or high processing forces
(such as friction-assisted joining). In addition, electrically assisted direct joining can
be easily integrated within existing assembly lines since it requires minor machine
modifications. Since the process is based on Joule’s effect, electrically assisted direct
joining is best suited for metals with relatively low electrical conductivity, such as
steel or titanium alloys.

3 Materials and Methods

3.1 Experimental Prototypal Apparatus

A prototypal apparatus was developed to conduct experimental tests (Fig. 2). A
common spot welder machine was modified to integrate into an Industry 4.0 context
and have better control of the process parameters as well as higher process relia-
bility. The original machine was modified in order to be controlled remotely and to
perform online current and voltage measurements by dynamic control of the current
supplied during the process. The proposed system has been enriched with an Open
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Fig. 1 Main phases of electrically assisted direct joining

Platform Communications Unified Architecture (OPC-UA) interface that enables
data exchange with other systems both hardware (i.e. P. L. C., Industrial P.C., etc..)
and software (i.e. S. C. A. D. A., ad-hoc software, etc.). The entire system was
implemented using LabVIEW software from National Instruments.

AnUSB-6002 board from national Instruments developed by LabVIEWwas used
to convert the manually controlled welding machine to an automatically controlled
one. The board is amultifunctionDAQ that allows for exclusive control of thewelding
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Fig. 2 Experimental
equipment and the clamping
equipment

voltage and current. The welding voltage and current are controlled by a Crydom P.
M. P. series solid-state relay, designed specifically for industrial power applications.
Through this relay, it is possible to bias the waveform of the voltage input to the
machine based on an analog input between 0 and 5 V.

National Instruments’ USB-6002 board has USB connections for the computer
interface and measures voltage and current via analog inputs connected to sensors
placed by creating threads on the welding electrodes (for voltage measurement) and
on the copper-clad brass bar (for current measurement), which was used as a shunt
(Fig. 3).

The integration of the old machine archetype with the new control system was
aimed at developing a system capable of different control strategies including fixed
“aperture” of the relays, constant voltage, and constant current. Indeed, during the
welding procedures, the materials undergo significant temperature rise that deter-
mines a proportional variation of the electrical resistivity of thematerial. Thus, during
the joining process, when the fixed relay aperture was adopted, both the current and
the voltage may change, depending on the variation of material resistivity.

3.2 Software Development for Measurement and Control

The adopted USB-6002 board is compatible with National Instruments’ LabVIEW
programming software, this enables to control the proportional relays and measure
themain processing signals (voltage and current) during the joining process.Welding
voltage and current are controlled by a solid-state relay, which ismuchmore efficient,
durable, and reliable than a mechanical relay since it contains only fixed parts. These
relays are commonly used in all industrial processes that require precise and reliable
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Fig. 3 Modification of the
resistance spot welder for
remote controlling

handling. Such relays allow the waveform of the machine input voltage to be partial-
ized according to an analog input between 0 and 5 V. In the control screen, shown
in Fig. 4, it is possible to enter a voltage value ranging from 0 to 100% of full-scale
(almsot 2.1 V). The National Instruments board generates the signal and measures
current, voltage, energy and power during joint formation as shown in Fig. 5.

The general scheme of the system consists of several elements:

• An interface that allows the system to receive control and configuration
commands, shown in Fig. 4;

• A central system that manages the control and measurement instrument;
• A driver that interfaces the central system with the input/output board;
• Two servers where welding profiles and collected measurement data are stored.

Each weld consists of five distinct phases, corresponding to a different row within
the LabView program. These phases are: pressing time, rise up time, welding time,
fall time, releasing time. Each joining process is therefore identifiablewith an ennuple
in which the time intervals of the waveform and the maximum value to be achieved
are represented. Within the database, each weld is contained within a row uniquely
identified by a private key. The database specifically stores the following values:
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Fig. 4 LabVIEW control panel

Fig. 5 Current, tension, energy and power during joining
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1. “Amplitude”: it is the field that describes the maximum value generated by the
National Instruments board. The value is expressed in percent from 0 to 100 of
the maximum input value;

2. “Pressing Time”: is the time when the electrodes go down but there is still no
power;

3. “Rise Up Time” is the time interval of the ramp when ramping from the value
0% to the value set in the amplitude field;

4. “Welding Time”: is the time interval in which the system holds the output value
constant at the value specified in the amplitude field;

5. “Fall Time”: is the time interval of the ramp when it goes from the value set in
the amplitude field to the value set at 0%;

6. “Releasing Time”: is the interval in which the system holds the output value at
0% before notifying the end of the welding cycle.

A welding profile can be defined as a sequence of welding processes by joining
different welding types. The values of current and voltage recorded during the joints
are saved in a file system. The files are organized and managed by another database
which will track the performed welding profile, welding times, maximum and
minimum power values recorded, and link this information with the file containing
the performed recordings.

3.3 Specimen Preparation

Rolled sheets of 2mm of thickness of titanium grade 2 were joined to polyetherether-
ketone (PEEK) supplied by Victrex (PEEK 450 G) with 5 mm of thickness. PEEK
(polyetheretherketone) is a semi-crystalline thermoplastic with a service temperature
of up to 250 °C and a melting temperature of 343 °C.

The main mechanical characteristics of the materials were identified through
tensile tests which were conducted complying with the ASTM standards E08 [23]
for the titanium and D638 for the PEEK E08 [24]. Besides, physical tests were
conducted on the PEEK with the aim of determining the characteristic temperatures
of the polymer. Thermogravimetric tests were conducted to investigate the decom-
position temperature of the PEEK material by means of a machine model L81/1550
by LINSEIS. The tests were conducted at the highest heating rate allowed by the
machine 40 °C/min. The main mechanical and thermal properties of the materials
are summarized in Table 1.

Laser texturing was performed on the titanium surface before joining. To this end,
a pulsed 30Wfiber laserYLP-RA30-1-50-20-20by IPGwas adopted. Laser texturing
was performed under the following conditions: power: 30W, pulse frequency 30 kHz,
scanning speed 1.0 m/s, the distance between consecutive scans: 0.3 mm, and 20
repetitions. Such texturing conditions were selected on the bases of preliminary
experiments. A fine laser texturing optimization was behind the scope of the present
paper.
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Table 1 Mechanical and
thermal parameters of
materials

Material Titanium PEEK

Young modulus [GPa] 120 4

Yield strength, σy0.2 [MPa] 394 –

Tensile strength, σmax [MPa] 450 98

Compressive strength [MPa] – 125

Elongation at ropture [%] 20 45

Melting temperature [°C] 1670 343

Thermal decomposition temperature [°C] – 520

3.4 Joining Procedure

Overlap joining experiments were performed by using the abovementioned proto-
typal machine. The tests were conducted using different values of the amplitude in a
range between 20 and 80% of and the current value; welding time duration has been
fixed for each test at 1 s.

In these preliminary tests, other process conditions such as the rise-up time, the
fall time, and the releasing time were kept fixed at 0.5, 0.5 and 0.5 s respectively.
Figure 6 shows the current trend during the above-described steps of the welding
process.

The electrode force P was determined [25] by Eq. 1.

P = 2.5 · t ·
√

σt

300
(1)

Fig. 6 Current steps during EAJ process
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where t represents the thickness in mm and σt represents the tensile strength in MPa.
The weaker material (PEEK) was considered; thus, the electrode force was 7.2 N.
The distance between the electrodes was 8 mm.

3.5 IR Thermography

Infrared (IR) measurements were performed to determine the temperature variation
during the joining experiments. This also enabled us to determine a suitable set of
process conditions that enabled us to avoid excessive temperature rise. Excessive
temperature (above 520 °C) potentially leads to thermal degradation of the polymer.
Besides, titanium is a highly reactive material; thus, a temperature above 600 °C
would easily lead to the formation of sparks and flames.

To this end, an IR thermal camera model T1020 by Flir was used during the
experiments. This IR camera is characterized by amaximumacquisition rate of 50Hz
and a maximum measurable temperature of 1500 °C. The IR camera was placed at
0.3 m from the sample at an inclination angle of 30°. The surface emissivity of the
titanium was set to 0.4. A picture of the setup is reported in Fig. 7.

Fig. 7 Picture of the IR
camera positioned over the
equipment for temperature
measurement
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Fig. 8 Schematic of the
sample used for mechanical
characterization (single lap
shear tests)

3.6 Mechanical Testing and Fracture Surface Analysis

Mechanical characterization tests were conducted to perform a preliminary analysis
of the influence of the process parameters on the quality of the joints. To this end,
single lap shear tests were conducted. The sample used in the tests, along with the
main sample dimensions, is schematized in Fig. 8

The tests were conducted under quasistatic conditions, using a universal testing
machine model C43.504 by MTS at 2 mm/min of traverse speed. For each process
condition, the tests were replicated three times. After mechanical tests, optical
microscopy analysis was conducted on the fractured surfaces to determine the
bonding area and to better understand the failure conditions of the specimens. To
this end, a stereoscope model M205 by LEICA was used along with a 3D surface
reconstruction software.

4 Results

4.1 Temperature Analysis and Control of Process Conditions

During the EAJ process, the quality of the joint depends largely on the penetration
of metal teeth into the polymeric material as well as the presence of porosities and
eventually thermal degradation.

These phenomena strictly depend on the processing temperature. Figure 9 shows
the IR temperature map recorded during the electrically assisted direct joining. The
temperature is measured over the titanium sheet surface.

After the temperature acquisitions, a rectangular region of Interest (ROI) was
placed over the titanium surface. Then, for each frame, themean temperature over the
ROIwas calculated. This enables to determine the variation of the temperature history
with time. Figure 10 shows the temperature variation recorded during preliminary
joining tests conducted under different processing conditions.As can be observed, the
variation of the current set by the developed interface enables to determine severe
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Fig. 9 IR temperature map after a 0 s, b 0.5 s, c 1 s and d 1.5 s (showing flame development)

temperature changes in a few seconds. The tests conducted at 20 and 40% of the
amplitude did not generate enough heating for the joint to be successful. Indeed,
as shown in Fig. 10, the temperature reached for the yellow curve is lower than
100 °C. The best conditions, instead, were performed at 60% of the amplitude. Under
this condition, the joining occurred, in agreement with previous findings reported
in [26] which indicated that the minimum temperature for joining PEEK through
thermomechanical joining should be at least 300 °C, but still below the degradation
temperature of the PEEK (520 °C).

The test conducted at 80% of the amplitude generated temperature above 600 °C,
leading to the degradation of PEEK. Figure 9 shows the temperature map during the
EAJ process at an amplitude of 80%; as can be observed in Fig. 9c, the temperature
reached led to the develop of flames. Considering the phenomena occurred during
the test with 80% of the amplitude, in this discussion, the trends of temperature and
other electrical quantities of interest related to the test conducted with maximum
amplitude were not included. the adoption of still higher value of voltage (100%)
resulted in complete degradation of PEEK. During the tests performed the values
of electrical parameters of interest were recorded and analyzed. Figure 11 shows
the trend of current, voltage, energy and power during Electrically Assisted Direct
Joining process. Voltage, energy and power showed a quasi-linear increasing trend
with the increase in amplitude, as showed also in Fig. 12. On the other hand, for
the current, the test performed with an amplitude of 80% showed not higher values
than the others. This was due to the bad contact between the electrode and the upper
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Fig. 10 Temperature
variation during preliminary
joining tests

surface of the titanium sheet. By reducing the contact area, the resistance increased;
the value of the voltage, instead, was imposed by proportional relays.

Fig. 11 Electrical parameters during joining for the different levels analyzed
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Fig. 12 Trends of average value of current (a), voltage (b), Energy (c) and power (d) with four
different level of amplitude analyzed

4.2 Preliminary Assessment of Joints Quality

Preliminary tests conducted showed that the optimum temperature for successful
joining is about 350 °C. An excessive temperature leads to the degradation of PEEK.
Figure 13a shows the correctly realized joint and Fig. 13b shows a PEEK fracture
surface.

In Fig. 14 is reported a load–displacement curve obtained during single lap
shearing tests.

After performing single lap shear test, it was possible to analyze the fracture
surfaces; in Fig. 15a is shown the PEEK surface, instead Fig. 15b shows the titanium
surface.

5 Conclusions

The present study investigated the process of electrically assisted direct joining
for producing hybrid metal-polymer joints. The processing conditions, namely the
current and voltage were analyzed to determine a suitable processing window
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Fig. 13 Ti-PEEK joint (a), PEEK fracture surface (b)

Fig. 14 Load–displacement
curve obtained during single
lap shearing tests

to perform joining tests. To this end, a prototypal apparatus was developed for
conducting the experimental tests. The apparatus was also equipped with an IR
thermal camera which enabled the determination of the rapid variation of the
temperature during the joining process. The main achievements of the study are
as follows:

• the update of the old traditional spot-welding machine through the integration of
a proportional relays and remote control by the USB IO board and the software
developed in LabVIEW enabled a fine control of the process conditions during
all the phases of the joining process.

• themean temperature achieved during the steady state phasewas highly depending
on the value of the aperture set on the proportional relays.
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Fig. 15 PEEK surface (a), Titanium surface (b) after performing single lap shearing test

• the heating time achievable through the electric ally assisted direct joining process
was extremely short (lower than 1 s) indicating the great potential of the process
to join dissimilar materials such as metals and polymers.

In order to realize a greater joint uniformity through EAJ process, further work
can be done on the implementation of an improved coupling system that allows
fixed positioning of the specimens to be joined. The temperature control assumes a
crucial role during the process for the correct realization of the joint; in future work
it will be possible to proceed by controlling the temperature achieved, in relation to
current and voltage imposed by the remote control. Future work could also include
the improvement of the described apparatus in order to create a continuous joint by
developing a two-axis cartesian movement system.
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Milling Cutting Force Model Including
Tool Runout

Lorenzo Morelli, Niccolò Grossi, and Antonio Scippa

Abstract Tool radial runout is an inevitable phenomenonwhich significantly affects
the cutting conditions in a milling operation. Indeed, tool runout causes irregular
spacing between cutter teeth creating uneven engagement conditions. This aspect
may limit the accuracy and reliability of the predictive approaches dealing with
important phenomena in milling such as chatter, surface errors and tool wear. For
these predictions, a cutting force model, which includes tool runout, is essential, but
it requires complex formulations which limit its application. This paper presents a
simplified cutting force model for an endmill with generic geometry then adapts it
to represent the effect of radial runout on a regular endmill. The model thus obtained
expresses the cutting forces as a Fourier series considering the effect of tool runout
on the cutting force frequency components, and it is easy to apply to other predictive
models. The proposed formulations are validated, and an application is presented.

Keywords Milling · Predictive model · Tool geometry

1 Introduction

Cutter runout is a common condition occurring in milling operations with multiple
flutes. Indeed, tool geometric centre generally deviates from the spindle axis gener-
ating the eccentricity (i.e., runout) which causes uneven engagement conditions
among the flutes involved in the cut [1]. Consequently, cutting forces are directly
affected by the tool runout in terms of shape and magnitude [2]. Furthermore, the
effect of runout on the cutting forces has influences on other important aspects of
the cutting process such as tool wear [3] machined surface [4] and process stability
(i.e., chatter) [5] For this reason, an accurate cutting force representation including
tool runout is essential for predictive approaches dealing with those aspects with
the aim of improving process accuracy and productivity. In literature, cutting force
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representation is largely based on mechanistic models which assume cutting force is
related to the instantaneous chip thickness though the cutting coefficients [6]. In
this context, the two most adopted types of cutting models are the lumped shear
force model, based on only one cutting coefficient [7] and the dual mechanism force
model, which uses two separate coefficients (i.e., the cutting coefficient and the edge
coefficient) [8]. These models provide a time domain representation of the cutting
forces, and they include the effect of runout by predicting the actual undeformed chip
thickness which is defined as the difference between the radii of the flute considered
and the one preceding it, using geometric expressions [9]. These approaches provide
good results, but they are limited to conditions in which chip thickness depends
only on two consecutive flutes. Chen et al. [10] presented a method to fill this gap
with different formulations for the undeformed chip thickness according to the radial
depth of cut, feed per tooth and runout. The proposedmethod is effective, yet the need
of formulations for each combination of parameters makes the approach not easy to
extend to cutters with more than two flutes. On the other hand, Gao et al. [11] anal-
ysed the effect of runout on the radial engagement for a two fluted endmill. In detail,
the authors proposed formulations for each flute cutter radius, pitch angle, engage-
ment angles and feed per tooth according to runout. Unlike the other approaches, the
Gao et al. approach analyses the effect of runout on the process parameters giving a
deeper insight on the impact of runout on cutting forces. Nonetheless, the reliability
of the method is limited to cutting conditions in which chip thickness is related to
the radius of the flute analysed and the one preceding it, like previously mentioned
methods. For a more accurate cutting force representation in time domain able to
include tool runout, literature highlight models which consider the cycloidal trajec-
tories of the flutes, known as “trochoidal models”. In this context, Kunmanchik and
Schmitz [12] proposed a trochoidal model for generic tools. In the proposed method,
the authors considered a generic tool geometry with different flutes radii and pitch
angles, and they developed expression of both chip thickness and process parameters
considering the actual flutes paths. This model was then adapted to model runout
on an ideal endmill with even flute radii and pitch angles using dedicated runout
parameters in the chip thickness expressions. Moreover, the authors identified the
boundary beyond which the proposed model does not return accurate results since
chip thickness is no longer related to the radius of the flute analysed and the previous
radius. Themodel developed by the authors ismore accurate and general compared to
the others, yet its reliability is limited by the boundary identified by the authors. The
models described, despite their accuracy are not easy to couple with other models
which aim at coupling the cutting forces with the dynamic of the milling system [4,
5] because, due to the complexity of the formulations adopted for the chip thick-
ness, the frequency content of the cutting forces including runout cannot be derived
analytically, and it can be found only through a Fast Fourier Transform (FFT) of the
cutting forces in the time domain. In this context, a frequency domain representation
of the cutting forces including runout could be useful, but very few studies deal with
this topic. Wang et al. [13] used the convolution analysis and a mechanistic cutting
force model including runout to develop a closed form formulation for cutting forces
in the frequency domain. These formulations present the same limitations of the
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approaches previously mentioned regarding the undeformed chip thickness. In this
work, a Fourier series representation of the cutting forces in the frequency domain
(as in [14]) for an endmill with generic geometry (i.e., with uneven flute radii and
pitch angles) is developed. In detail, analytical formulations for Fourier coefficients
considering the actual flutes sequence during the cut and which flutes are respon-
sible for chip thickness formation. Then, following the same steps of the approach by
Kunmanchik and Schmitz [12], the proposed formulations are adapted to represent
the effect of radial runout on an ideal endmill (i.e., with even flute radii and pitch
angles). The formulations thus obtained allow to directly evaluate the frequency
content of the cutting forces for an ideal endmill in presence of runout, and they are
easy to apply to other predictive approaches.

1.1 Runout Identification State of the Art

As an application of the developed formulations, a technique to identify runout
through the measured cutting force spectrum is proposed. To contextualize this
application, this section analyses the state of art about runout identification strate-
gies. Indeed, independently from the cutting model considered, the inclusion of
runout in the cutting force prediction is obtained through runout parameters which
become additional input of the cutting force prediction method. These parameters
are usually the runout length and the orientation angle, and they must be either
measured or calibrated for an accurate prediction. In literature two main measuring
strategies are found: direct and indirect method; the direct methods measure runout
parameters using both contact [15, 16] and non-contact [17–19] measuring devices.
These methods allow an offline identification of the runout parameter, but in the
actual cutting process the geometry of the cut may be different and the measured
runout parameters may present limited reliability. Instead, indirect methods esti-
mate runout parameters from the analysis of input signals, such as cutting forces or
cutting power. For example, Niu et al. [5] developed a linearmechanistic cutting force
model combined with a non-linear identification algorithm to identify both cutting
coefficients and runout parameters for variable pitch and variable helix milling tools;
Krüger and Denkena [20] adopted the cutting energy distribution to identify runout
geometry with results characterized by a variance smaller than 3% to the measured
values. Seethaler and Yellowley [21] formulated a general expression of the runout
between each couple of two consecutive flutes in the form of a discrete Fourier
series in end milling. Herman et al. [22] proposed a method based on the frequency
domain representation of cutting forces. The force component at the spindle rota-
tional frequency is used to adaptively identify the runout parameters every digi-
talisation period. Wang and Zheng [13] developed a method for the identification
of runout parameters using the FFT of the measured milling forces at the spindle
rotational frequency without the need of prior knowledge regarding cutting coeffi-
cients. The identified parameters were quite consistent, but the identification requires
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other constants (shearing constants) which must be identified through two prelimi-
nary milling tests. All the mentioned identification approaches require either cutting
coefficients or other constants to be known or calibrated, limiting the application
of these indirect techniques. In this regard, this paper presents an indirect method
based on cutting forces spectrum to identify runout parameters without the need of
cutting coefficients or calibration tests. The proposed approach was validated both
experimentally and numerically, and it showed to be a promising starting point for a
force-based runout identification solution.

2 Proposed Approach

This study is divided in two parts. In the first part analytical formulations describing
the frequency content of cutting forces for an endmill with generic geometry (i.e.,
flutes with different radius and pitch angles) are presented. In the second part, the
developed formulations are adapted to model runout on a tradition endmill (i.e.,
evenly spaced flutes with equal pitch angles) and applied in a method to iden-
tify runout parameters without any prior knowledge on cutting coefficients or any
calibration tests.

2.1 Cutting Force Model

First, analytical equations that predict frequency content of cutting forces in amilling
process are presented. These formulations are built for an endmill with a generic
geometry assuming that the generic i-th flute is identified by a radius Ri and a pitch
angle φzi , as it is shown in Fig. 1, where Dm is the maximum tool diameter, N is the
number of flutes characterizing the endmill, αel is the helix angle, while ar and ap
are the radial and the axial depth of cut respectively.

(a) (b)

Fig. 1 Generic endmill geometry
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The formulations presented are based on a simple mechanistic force model that
relates forces linearly to chip thickness with a cutting force coefficient (i.e., lumped
shear model). In detail, the radial cutting Fr , the tangential cutting force Ft and the
axial cutting force Fa are expressed according to Eq. 1.

Ft (φ) =
N∑

i=1

Ktcaphi (φi )

Fr (φ) =
N∑

i=1

Krcaphi (φi )

Fa(φ) =
N∑

i=1

Kacaphi (φi )

(1)

where Ktc, Krc and Kac are the tangential, the radial and the axial cutting coefficients
respectively; hi is the chip thickness for the ith flutewhich can be computed following
Eqs. 2 and 3.

hi = fzi sin(φi )withφi = φ + φzi i = 1, 2, . . . , N (2)

φ = wt (3)

where f zi and φi are respectively the feed per tooth the engagement angle of the ith
flute, with φ being the engagement angle variable, which is related to the spindle
speed w and the time variable t, and φzi representing the pitch angle of the ith flute.
Introducing a coordinate system as in Fig. 2 with x representing the feed direction
and y the cross-feed direction, the total in-plane cutting force Fxy is expressed as:

Fxy(φ) =
√
F2
t (φ) + F2

r (φ) =
√
F2
x (φ) + F2

y (φ) =
√
Ktc

2 + Krc
2
∑N

i=1
aphi (φi )

(4)

where Fx is the total cutting force along the feed direction and Fy is the total cutting
force in the cross-feed direction. It is worth noting that Fxy and Fa differs only for

Fig. 2 Cutting force
overview
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the term related to the cutting coefficients, as it is shown in Eqs. 4 and 1, therefore
the following formulations are also appliable to the axial cutting force.

According to Eq. 1, the evaluation of the cutting force depends on the chip thick-
ness, which is related to the feed per tooth and pitch angle of each flute characterizing
the endmill geometry. Therefore, to define f zi and φzi for the generic ith flute, it is
important to identify the sequence in which flutes follow one another during the cut.
Assuming a clockwise numeration of the flutes starting from one of the flutes chosen
freely, the flute sequence S is defined as it follows according to the cutting strategy
(Fig. 3)

S = 1, N , N − 1, N − 2, . . . , 1 down-milling (5)

S = 1, 2, . . . , N , 1 up-milling (6)

Knowing the sequence S, and assuming for the starting flute (S1) a pitch angle φz1

equal to 0 the pitch angle φzi according to the flute sequence can be expressed as:

φzi =
∑i

1
φzi i = 1, 2, . . . , N (7)

With these assumptions the pitch angle is referred to the sequence accomplished
by the flutes during the cut. To evaluate the cutting forces the chip thickness of each
flute should be evaluated within the range between cutter entry angle (φin) and cutter
exit angle (φout) which are identified according to the cutting strategy (down-milling
or up-milling) and the radial depth of cut (ar); however, due to the different flutes radii
characterizing the generic geometry of the endmill, each flute is characterized by its
own entry and exit angle according to the cutting strategy. In detail, for down-milling
the ith flute entry angle is evaluated according to the radius of the flute considered
Ri and ar , as it is shown in Eq. 8. Instead, the ith flute exit angle is evaluated by
analysing the intersections between the circular trajectory of the considered flute
and the trajectories of all the preceding flutes according to the flute sequence.

For each intersection an angle is found, and the minimum is chosen (Eq. 9) since
it is representing the first moment at which the flute stops cutting.

Fig. 3 Example of flute sequence for a 4 fluted endmill a Down-milling b Up-milling
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φini = π − a cos
(
Dm − 2ar

/
2Ri

)
down-milling (8)

φouti = min

(
−3π

2
+ a cos

(
R2
i + i f 2z − R2

j

2Ri i fz

))
down-milling (9)

j = Si−1, Si−2, . . . , Si−N (10)

where j represents the indexes of the flutes preceding the i-th flute according to
the flute sequence S and f z is the commanded feed per tooth. An example of the
procedure is shown in Fig. 4 for a two fluted endmill where the exit angle of the flute
1 (red trajectory) is found by analysing the intersections (red points) between the
trajectory of flute 2 and the trajectory of flute 1 of the previous revolution. Following
an analogous procedure, the engagement angles for up-milling are found:

φini = min

(
−π

2
+ a cos

(
R2
i + i f 2z − R2

j

2Ri i fz

))
up - milling (11)

φouti = a cos
(
Dm − 2ar

/
2Ri

)
up - milling (12)

j = Si+1, Si+2, . . . , Si+N (13)

In this case, the trajectories analysed are the ones belonging to the flutes following
the one considered, as it is shown in Eq. 13. The variation among the flute radii not
only affect the flute entry and exit angles but also the feed per tooth, since it changes
the actual distance between flutes moving in the feed direction, as it is described in
[11]. Indeed, the actual feed per tooth f zi for the ith flute is found with the following
equation:

fzi = i f z +
√
R2
i − D2

m

4
cos(φ)2 −

√
R2

v − D2
m

4
cos(φ)2 (14)

v = Si−1 down - milling v = Si+1 up - milling (15)

Fig. 4 Example of exit
angle evaluation in
down-milling for the flute 2
of a two fluted tool



128 L. Morelli et al.

where v is the index referring to the flute radius preceding the ith flute in down-
milling and the one following the ith flute in up-milling. In the method proposed
by Gao et al. [11] the actual feed per tooth was assumed constant and equal to the
maximum of Eq. 14, while in the proposed approach the variation of the actual feed
per tooth with the engagement angle φ is considered. Furthermore, it is important
to note that depending on the magnitude of the feed per tooth f z and the difference
between Ri and Rv some flutes may not participate in the cut, therefore f zi may not
be related to the radius of the vth flute but to another one in the flute sequence. In
this study, to identify the actual feed per tooth for the ith flute, a procedure based on
the chip area formed by the ith flute and the other j flutes of the flute sequence is
adopted. In detail, for each i and j combination a value Aij for the chip area is found
according to the following equation:

Ai j =
φouti∫

φini

(
i fz +

√
R2
i − D2

m

4
cos(φ)2 −

√
R2

j − D2
m

4
cos(φ)2

)
sin(φ)dφ (16)

The flute ki which identify the correct flute in the cutting sequence to be combined
with the ith flute to evaluate the correct value of the actual feed per tooth is obtained
from the minimum of the chip area values given by Eq. 16:

ki = min(Ai j ) (17)

An example of this procedure for a two fluted tool is shown in Fig. 5, where the
chip areas considered for the evaluation of the correct value of the feed per tooth
for the flute 2 (blue trajectory) are shown. In this case, the flute ki for the correct
evaluation of the actual feed per tooth is the flute 1 (Fig. 5a).

At this point, the chip thickness for the i-th flute for an endmill with a generic
geometry can be expressed as:

hi =
(
i f z +

√
R2
i − D2

m

4
cos(φ)2 −

√
R2
ki

− D2
m

4
cos(φ)2

)
sin(φi ) (18)

Fig. 5 Example of actual feed per tooth evaluation in Down-milling for the flute 2 of a generic two
fluted tool
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The total in-plane cutting force Fxy becomes:

Fxy(φ) =
√
F2
t (φ) + F2

r (φ) =
√
K 2

tc + K 2
rc

N∑

i

(
i fz +

√
R2
i − D2

m

4
cos(φ)2 −

√
R2
ki

− D2
m

4
cos(φ)2

)
sin(φi ) (19)

Following the same procedure presented by Grossi et al. [14] for an ideal endmill
with equally spaced flutes, the cutting force Fxy for an endmill with a generic geom-
etry considering the tool helix can be formulated in the frequency domain as a Fourier
series with the following equations:

Fxy(φ) =
N∑

i

a∗
xy0i

ap +
N∑

i=1

∞∑

n=1

(((
a∗
xyni
nkb

sin nkbap + b∗
xyni
nkb

cos nkbap − b∗
xyni
nkb

)
cos nφi

+
(

−a∗
xyni
nkb

cos nkbap + a∗
xyni
nkb

+ b∗
xyni
nkb

sin nkbap

)
sin nφi

))
(20)

where a*xy0i is the Fourier coefficients at zero frequency for the i-th flute, while a*xyni,
b*xyni are the coefficients couples which define the real and imaginary components
of the forces at the frequency n-multiple of the rotation frequency (n integer) for
the i-th flute. In addition, kb is a geometric parameter related to the tool helix angle
thorough the following equation:

kb = 2tan(αhel)/Dm (21)

The proposed formulations (Eq. 20) evaluate cutting forces in the frequency
domain considering the helix angle through direct expressions, without the need of
a specific discretization. Furthermore, such expressions allow to isolate the cutting
coefficients from the Fourier coefficients obtaining the following expressions:

a∗
xy0i

= a∗∗
xy0i

·
√
Ktc

2 + Krc
2 (22)

a∗
xyni

= a∗∗
xyni

·
√
Ktc

2 + Krc
2 (23)

b∗
xyni

= b∗∗
xyni

·
√
Ktc

2 + Krc
2 (24)

With these simplifications, the Fourier series components for Fxy become:

• For the constant term (zero frequency)
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Axy0 =
N∑

i

a∗∗
xy0i ·

√
Ktc

2 + Krc
2 · ap (25)

• For the spindle rotational frequency and its harmonics

Cxyn =
N∑

i

1

2

√
K 2

tc + K 2
rc ·

((
a∗∗
xyni

nkb
sin

(
nkbap

) + b∗∗
xyni

nkb
cos

(
nkbap

) − b∗∗
xyni

nkb

)

−i

(
−a∗∗

xyni

nkb
cos

(
nkbap

) + a∗∗
xyni

nkb
+ b∗∗

xyni

nkb
sin

(
nkbap

)))

(26)

Following the cutting model previously described the Fourier coefficients are
found according to Eqs. 27, 28 and 29.

a∗∗
xy0i

=
∫ φouti

φini

(
i f z +

√
R2
i − D2

m

4
cos(φ) −

√
R2
ki

− D2
m

4
cos(φ)

)
sin(φ)dφ (27)

a∗∗
xyni

=
∫ φouti

φini

(
i f z +

√
R2
i − D2

m

4
cos(φ) −

√
R2
ki

− D2
m

4
cos(φ)

)
sin(φ)sin(nφ)dφ

(28)

b∗∗
xyni

=
∫ φouti

φini

(
i f z +

√
R2
i − D2

m

4
cos(φ) −

√
R2
ki

− D2
m

4
cos(φ)

)
sin(φ)cos(nφ)dφ

(29)

It must be pointed out that due to the complexity of these expression the evaluation
of Fourier coefficients (Eqs. 27, 28 and 29) implies the use of numerical integration
techniques. Nonetheless, the proposed formulations allow to include the evolution
of the actual feed per tooth with φ in the chip thickness evaluation obtaining a model
that is closer to complex models [12] since it better represents the trajectories of the
flutes. Furthermore, the proposed model allows to directly compute the frequency
content of the cutting force without the need of signal processing.

2.2 Runout Parameters Estimation

In the previous section a frequency cutting force model for an endmill with generic
geometry was presented. The proposed model can be easily adapted to model the
effect caused by runout in an ideal endmill.

As it shown in Fig. 6, starting from an ideal endmill (Fig. 6a) runout causes a
deviation between the geometric centre of the tool and the spindle axis (Fig. 6b).
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This deviation is identified by the length of runout ρ and the orientation angle λ.
Using these runout parameters, the flutes radius (Ri) and the pitch angles (φzi) for the
ith flute related to the tool runout (Fig. 6c) are found with the following equations:

Ri =
√(

D
/
2
)2 + ρ2 − ρD cos(iφz − λ) (30)

φzi = acos(

√(
D
2

)2 + R2
i − d2

DRi
) (31)

d =
√(

D
/
2
)2

(1 − 2 cos(ϕz)) (32)

In this case ϕz is the pitch angle of the ideal endmill and given by 2π/N , andD is
the nominal endmill diameter. The obtained flutes radius and pitch angle are related
to the runout parameters (ρ and λ) and become the input for the frequency domain
representation described in the previous Sect. 2.1. With this solution a model to add
runout to the cutting model in the frequency domain is obtained.

This new model not only adjust the process parameters according to runout, but it
considers the flute sequence and their trajectories selecting for each flute the corre-
sponding flute, which allow the formation of the chip with the correct feed per
tooth, overcoming the limitation of the cutting models described in the state of the
art. Starting from this runout model, an application of the proposed formulations is
presented. The aim of this application is developing a method to identify the runout
parameters (ρ and λ) from the measured cutting forces using the proposed formu-
lations. In this application only the total in-plane cutting force Fxy is used for two
reasons:

• it allows to release the information regarding cutting forces from the one related
to their directions.

• It is more significant in terms of magnitude compared to Fa, so it is easier to
measure and less sensitive to external factors.

Fig. 6 a Ideal endmill b endmill with runout c flutes radii and pitch angles for an endmill with
runout
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Computing the ratio between the zero-frequency component of the cutting force
Axy0 and the other frequency components Cxyn a new parameter (Vn) is found:

Vn = Cxyn

Axyo
=

N∑

i

1

apa∗∗
xy0i

((
a∗∗
xyni

nkb
sin

(
nkbap
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)

− i

(
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xynni
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cos

(
nkbap
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+ b∗∗

xyni

nkb
sin

(
nkbap

))
(33)

This parameter is extremely interesting because it does not depend on the cutting
coefficients, and since it is based on the total cutting force, it is not affected by the
cutting force direction. Moreover, Vn depends on the tool geometry (D, N, αel), the
cutting parameters (ar , ap and f z) and the runout parameters (ρ and λ). Therefore,
assuming the tool geometry and the cutting parameters as given inputs known by the
operator, the runout parameters could be identified by comparing the experimental
Vn and the predicted one. To achieve this goal, an optimization algorithm is adopted
to minimize the following error function v0:

vo = ‖Vnp − Vnm‖2
‖Vnm‖2 n = 2, 3, . . . , c (34)

where c is the number of Fourier coefficients considered, Vnp and Vnm are the
predicted and measured values of the ratio formulated in Eq. 33 and the symbol
“||” indicates the 2-norm of the vector. Since Vn is composed by a real and an imag-
inary part, both will be included in the identification procedure. It is interesting to
note that generally cutting forces are represented with good accuracy using only few
Fourier coefficients, therefore the runout parameter estimation process is possible
exploiting only a limited set of Fourier coefficients.

3 Numerical Validation

First, the proposed formulations were tested numerically in different cutting condi-
tions with the purpose of predicting the cutting forces given the runout parame-
ters. The predicted cutting forces were compared with the ones obtained by other
approaches found in the state of the art.

Secondly the proposed method to identify runout parameters was tested adopting
as measured forces numerical cutting forces obtained from time domain simulation
according to the methods found in state of the art.
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3.1 Formulations Comparison

A series of cutting conditions in down-milling with different runout parameters and
feed per tooth were tested, as it is summarized in Table 1, with the aim of assessing
accuracy of the proposed formulations compared to others found in the state of the
art. For these cutting conditions, a four fluted endmill with 12 mm of diameter and
45° of helix angle was considered, and spindle speed was set to 6366 rpm.Moreover,
the selected cutting conditions allow to investigate the impact of runout parameters
on different cutting force shapes considering that force shape changes according to
the cutting parameters, as it was shown in previous studies [23, 24].

The cutting forces predicted with the developed formulations were compared, in
both time domain and frequency domain, with the ones obtained from the trochoidal
model described in [12], hereafter called “trochoidal”, and the method proposed
by Gao et al. [11], which will be referred as “fzm”. In detail, for the developed
formulations 60 Fourier coefficients for the spindle rotational frequencies and its
harmonics were considered. On the other hand, for the fzm model, which presented
only the different expressions for feed per tooth and flute radius according to runout
parameter, the same 20 coefficients were considered following the same procedure
by Grossi et al. [14]. Instead, for the trochoidal model, which consider the actual
flutes trajectories and the tool helix, a sampling frequency of 530,500 Hz with 5000
points per period and 2000 steps for axial discretization were adopted.

In Fig. 7 the comparison between the proposed formulations and the methods
found in the state of the art for an ideal case without runout is shown. In this condition
force presents a triangular shape, and no appreciable difference is found between the
considered methods, as expected. If runout is considered (Fig. 8), differences are
found between the methods considered. Indeed, runout affects the evolution of the
cutting forces over the speed rotational period, and each flute presents a different
triangular shape. Even if all the three methods proposed presents the same evolution
among the flutes, the approach proposed by Gao et al. slightly differs from the
others because it assumes a constant feed per tooth during the engagement. The
proposed method instead is perfectly in agreement with the trochoidal model, which
is assumed to be the most accurate since it considers the actual flute trajectories for
the chip thickness evaluation. In test 3 (Fig. 9), with the high radial depth of cut (ar ≥
D/2), cutting force assume trapezoidal shape, and, due to runout each flute presents
its own trapezoidal shape. In detail, the proposed formulations well match with the
trochoidal model unlike the fzm approach. However, it is interesting to note that the
rising edge of the cutting force is in good agreement for all the three models because

Table 1 Test overview for force prediction validation

Test id f z (mm) ρ (mm) λ (degree) ar (mm) ap (mm)

1 0.05 0 0 3 5

2 0.1 0.01 45 3 5

3 0.1 0.05 0 7 2
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Fig. 7 Predicted cutting forces for test 1 a frequency domain b time domain

at the beginning of the cut the feed per tooth reaches its maximum and the approach
by Gao et al. matches the other models.
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Table 2 Numerical validation for runout parameters identification method

Test ar (mm) ap (mm) f z (mm) ρ (mm) λ (degree) ρe (mm) λe (degree) eρ (%) eλ (%)

1 3 5 0.1 0.01 45° 0.0098 45.5 2.0 1.1

2 6 3 0.1 0.05 0° 0.0496 0 0.8 0.0

3 3 4 0.1 0.02 60 0.0197 60.5 1.5 1.1

4 2 10 0.05 0.01 15 0.0097 15.3 1.5 2.0

5 1 6 0.05 0.015 30 0.0142 31.5 5.3 5.0

3.2 Runout Identification

The proposed formulations were used to identify runout as presented in Sect. 2.2 for
different cutting conditions in terms of depths of cut (ar and ap) and runout (ρ and
λ) using the same endmill previously described. The FFT of the cutting forces simu-
lated with the trochoidal model [12] were adopted as measured signals. These forces
were simulated using a sampling frequency of 530,500 Hz with 5000 points per
period and 2000 steps for axial discretization. For the optimization process a genetic
algorithm with 1000 population and 25 generation was used to minimize objec-
tive function provided in Eqs. 20, 33 Fourier coefficients according to the spindle
rotational frequencies and its harmonics were considered. The results obtained are
summarized inTable 2whereρe andλe represent the runout parameters obtained from
the identification method while eρ and eλ are the relative errors between the input
runout parameters and the estimated ones. Overall, the proposed method manages to
estimate runout parameters with good accuracy and reliability (maximum error 5%).
The discrepancies are attributed to the differences between the trochoidal model, and
the model used in the proposed approach.

4 Experimental Validation

The identification approachwas also experimentally validated. ADMGMORIDMU
75 machine tool was employed to perform three tests in peripheral milling on
Aluminium (6082-T4) using a four-fluted end-mill (Garant 202552) with 12 mm
diameter and 45° helix angle. Aluminium was chosen since it allows to select a
wider range of cutting parameters and avoid tool wear which may alter significantly
cutting force shape. For all the three tests, a spindle speed of 2191 rpm and feed per
tooth f z of 0.1 mmwere used. The other cutting parameters selected are summarized
in Table 3. A Kistler 9257A table dynamometer was used to measure cutting forces
in the feed and cross-feed direction. Measured cutting forces were post processed to
reduce the distortions derived by the system dynamics using the approach proposed
by Scippa et al. [25], and the total cutting force was computed by combing the
measured cutting forces. For the optimization procedure the same genetic algorithm
previously described was used considering 20 Fourier coefficients.
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Table 3 Experimental validation tests and estimated runout parameters

Test ar (mm) ap (mm) ρe (mm) λe (degree)

1 2 3 0.0065 0°

2 2 8 0.0064 −5.5°

3 1 12 0.0071 14.5°

In Table 3 are reported the results obtained from the identification for ρ and
λ in the three tests; the estimated parameters show good coherence being similar
one to another according to the fact that all three cutting tests were conducted with
the same tool at the same spindle speed. This aspect confirms the consistency of the
proposed identification approach. Furthermore, a comparison in terms of force shape
and root mean squared deviation (RMSD) between the measured normalized total
force and the normalized cutting forces obtained with the proposed formulations
and the estimated runout parameters is shown in Fig. 10 for all the three tests. In
test 2 and 3, the predicted and measured normalized cutting forces are overall in
agreement with a good fitting and relatively small deviation errors (i.e., less than
10%) despite discrepancies. Nonetheless, in test 1 higher errors are presents. These
inaccuracies are related to the portions of the signal close to zero which cause high
errors values. The discrepancies affecting all the three tests may be related to the
fact that an ideal endmill and only radial runout were considered in the prediction
neglecting differences in the starting endmill geometry (e.g., uneven spaced flutes)
or the presence of a tilt angle generated in the setup phase.

As a second validation, using an on board optical measuring device BLUM-LC
seriesMicro Compact NT, themaximumflute radius Rmax andminimumflutes radius
Rmin were measured obtaining a Rmax of 5.977 mm and a Rmin of 5.964 mm. These
two values are not enough to identify experimentally the runout parameters, yet,
assuming for the setup adopted in the tests a λ value of 0° (in line with the ones
identified), an approximation of the experimental value of ρ could be estimated as
(Rmax−Rmin)/2, which gives a ρ of 0.0065mm. This value is close to the ones found
by the proposed method, and it proves that the identification method has potential.

5 Conclusions

In this paper, frequency content of the cutting forces in milling was investigated
starting from a generic geometry endmill to an ideal endmill affected by runout. The
highlights of this study may be summarized, as it follows:

• Formulations based on Fourier series to directly predict the cutting forces in the
frequency domain for an endmill with generic geometry were developed.

• The proposed formulations consider the variations of feed per tooth and engage-
ments angle caused by the different flutes radii, their sequence during the cut and
which flutes contribute to the chip formation overcoming the limitations of the



Milling Cutting Force Model Including Tool Runout 137

(a) (b)

(c)

Fig. 10 Comparison between predicted and measured total force a test 1 b test 2 c test 3

models found in the state of the art. However, a direct solution of the proposed
formulations is not available yet, limiting their potential.

• Developed formulations were adapted to model the effect of runout on an ideal
endmill, obtaining dedicated formulations for cutting force spectra.

• Developed formulations of cutting force spectra for an ideal endmill with runout
were applied to develop an approach to identify runout parameters.

• The proposed identification approach does not require any prior knowledge of the
cutting coefficients or any calibration test.

• The identification approach was tested both numerically and experimentally with
promising results.

Future activities will be focused on trying to simplify the proposed formula-
tions to avoid numerical integration for the Fourier coefficients and extending the
experimental validation, including an accurate measure of the runout parameters.
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Manufacturing and Testing of Shape
Memory Polymer Composite Actuators

Leandro Iorio, Denise Bellisario, and Fabrizio Quadrini

Abstract Shape memory (SM) polymer composite (PC) actuators have been manu-
factured by using carbon fibre reinforced (CFR) prepregs and by integrating flexible
heaters. The smart device has the structure of a composite sandwich with CFR plies
as external skins, an embedded heater and SMP layers in between. Small epoxy
foam tablets were also inserted in the laminate centre to increase the maximum
attainable deformation during the memory step. These foams were produced by
a solid-state process. The sandwich consolidation was obtained in one moulding
step. For comparison, a second CFR-SMPC actuator was manufactured without the
SMPC foams, thus reducing the final laminate thickness. SM performances of the
SMPC devices were evaluated by thermo-mechanical cycling in bending configura-
tion. Memory, constrained-recovery and free-recovery tests were carried out. Shape
fixity and shape recovery were extracted as well as recovery loads. Results show the
optimal SM behaviour of the new sandwich architecture.

Keywords Smart materials · Actuators · Composites

1 Introduction

Shape memory polymer composites (SMPCs) are smart materials with unique func-
tional properties, in combination with typical structural performances of composites.
They can be used to design and manufacture new-concept actuators.

In particular, carbon fibre reinforced (CFR) SMPCsmaximize the structural prop-
erties of the smart laminates and take advantage of the technological development
of the manufacturing procedures of CFR structures in aeronautics and aerospace. In
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fact, many applications are reported for these sectors in the scientific literature such
as morphing structures, deployable hinges, booms, antennas and reflectors [1].

SMPCs behave as stimuli responsive materials and the activation stimulus is
mainly heat. For thermosets, the characteristic temperature for the shape transition
is the glass transition temperature. In many cases, the SM behaviour of the smart
composites depends on their matrix which consists of a shape memory polymer
(SMP). Fibres remain elastic during heating and do not provide any SM contribution
[2]. The typical memory-recovery cycle of a SMPC laminate is shown in Fig. 1.
The composite shape, at the end of the manufacturing process, is the equilibrium
shape, apart from small distortions related to the relaxation of residual stresses from
manufacturing. This shape can be changed in a memory cycle where the laminate is
heated and contemporarily deformed under loads and constraints. Because of heating,
the compositematerial softens and is easy to be deformed. Subsequently, the laminate
is left to cool under constraints. In the end of cooling, the constraints can be removed
and most of the applied deformation remains frozen into a non-equilibrium shape. In
order to recover the equilibrium shape, it is necessary to heat again the laminate in
absence of any constraint. If some constraints are present, a recovery load is exerted
on them. In the end of a free recovery step, the equilibrium shape is preserved also
after cooling, and it is possible to apply a new frozen configuration only by repeating
the memory step. For this reason, SMPCs are considered one-way SM materials.

This unique behaviour of SMPCs can be exploited to manufacture new-concept
actuators which are integrated into the composite structure during manufacturing
or are assembled in the end. These actuators are suitable for those cases where
light multi-functional structures are requested with one-way slow-rate movements.
The best example is the manufacturing of self-deploying space structures which are
packed before the launch and are deployed one time in absence of gravity.

CFR-SMPC recovery has been tested in Space undermicrogravity [3]with the aim
of designing actuators [4], self-deployable structures [5], antennas [6], and solar sails
[7] but some efforts are still necessary for increasing the technology readiness level

Fig. 1 The memory-recovery cycle for a CFR-SMPC laminate (results from the Horizon 2020
SMARTFAN project, GA No.760779)
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of this innovation. In the last years, many studies have focused on the improvement
of mechanical properties of SMPCs without affecting their SM behaviour. In fact,
quasi-static properties of composites are generally enhanced by reducing molecular
mobility of the matrix which is, instead, responsible for shape memory. Balancing
structural and SM characteristics of SMPCs is a very complex task, and an important
role is played by long carbon fibres [8], arranged in woven fabrics or unidirectional
(UD) tapes [9]. CFR-SMPCare stiffer at room temperature and apply higher recovery
loads in comparison with SMPs [10]. Nevertheless, UD CFR-SMPC exhibits local
micro-buckling during bending deformation [11].

After transition, CFR-SMPCs exhibit high deformability and complex shapes can
be frozen as shown in Fig. 2. A 2-ply CFR-SMPC spiral was manufactured and,
subsequently, flattened. During free recovery by hot air, the initial equilibrium shape
of the spiral is restored. Enhancing the laminate formability during the memory step
is another important goal toward an effective application of SMPCs asmore andmore
complex shapes can be frozen. Amethod to increase the laminate deformability takes
advantage of the multi-layer nature of laminates, by inserting soft layers which work
as rubbery cushions for the rigid CFR plies. For example, polystyrene interleaf layers
have been inserted between CFR laminae [12]. Another advantage of this solution is
that commercial CFR prepregs are used for SMPC manufacturing, as well as other
commercial materials that do not need modification. Nevertheless, the structural
properties of the CFR SMPC can be affected by the hybrid thermoplastic-thermoset
polymer interface.

A recent innovation in CFR-SMPCs consists of inserting SMP epoxy interlayers
between adjacent CFR layers during composite lamination [13]. Co-curing of these
functional SMP layers and CFR prepregs is possible because the SMP polymer is
available in the shape of a free uncured powder [14]. High performance CFR-SMPCs
have been also manufactured by using commercial aeronautical prepregs [15] and
tested under multiple memory-recovery cycles [16].

By increasing the number of CFR plies, the maximum allowable strain during the
memory step strongly reduces. A further improvement can be originated with the

Fig. 2 Free recovery of a CFR-SMPC spiral (results from the Horizon 2020 SMARTFAN project,
GA No.760779)
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integration of SMP foams. In fact, the cellular structure amplifies the SM behaviour
because of the cell-collapsing mechanism [17]. Important results have been found
by using the same SM epoxy resin for laminate interlayers and foam inserts of the
SMPC laminates [18]. This innovation has been possible thanks to the adoption of
an innovative foaming process, namely solid-state foaming, which allows producing
foams from thermosetting powders in absence of any foaming agent. These epoxy
SM foams have been studied extensively for possible use in Space. They were tested
under simulated microgravity and hyper-gravity [19], and their shape recovery was
carried out under real micro-gravity in an experiment the International Space Station
[20], and on the BION-M1 unmanned module [3].

In order to manufacture a CFR-SMPC actuator, the last aspect to consider is the
integration of the heating system asmost of the experiment on CFR-SMPC laminates
and sandwiches have been carried out by thermal convection. Integrated flat heaters
were used for the deployment of a SMPC hinge for space structures [21]. At the state
of the art, CFR-SMPC sandwiches have been microscopically tested [22], and used
to manufacture an integrated device with embedded heater [23]. A flexible heater
was inserted during the composite lamination in the middle-plane of the SMPC
sandwich, consisting of 4 CFR plies, 2 SMP foam cores, and 1 SMP interlayer. This
unit had a limited size (20 × 45 mm2) but was able to apply a recovery load about
7.4 N, almost independently from the recovery temperature. However, the reduced
size poses serious limitations in its integration into self-deployable structures.

The aim of the current study is overcoming the current state-of-the-art of SMPC
actuators by proposing a different architecture, according to Fig. 3. The length of
this device is one of the largest ever manufactured for CFR-SMPC sandwich lami-
nates, and combines all the discussed technological improvements: using an SMP
foam to extend the laminate deformability; co-curing the SMP interlayers and the
CFR prepreg plies; using commercial materials for SMP elements and CFR plies;
embedding a flexible heater into the SMPC sandwich. A CFR-SMPC device needs
uniform heating during memory and recovery steps. Embedded heaters reach this
goal but are generally limited in size. A second actuator with only 2 CFR plies and
an SMP interlayer has been manufactured for comparison. Memory-recovery cycles
and free recovery tests have been performed for testing.

Fig. 3 Architecture of the
CFR-SMPC actuator
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2 Materials and Methods

A CFR-SMPC actuator with a sandwich structure has been manufactured by using
commercial raw materials and components. For comparison, a CFR-SMPC laminate
has been also produced and tested. For design and optimization, 3-ply CFR laminates
without SMP interlayer have been moulded before the actuators.

2.1 Supplied Materials

The SM epoxy resin (Scotchkote 206N) for functional interlayers and foams was
supplied by 3M in the shape of an uncured thermosetting powder. It was combined
with a 0/90 woven fabric prepreg (Solvay Cycom 132 977–2), designed for autoclave
moulding. The flexible heaters (KHLVA-0504/10) were supplied by OMEGA and
consisted of an Inconel etched circuit which was encapsulated between two layers of
polyimide films. In order to maximize the size of the actuator, a large flexible heater
has been acquired and the CFR-SMPC devices were laminated on it. These heaters
have a thickness of 150 μm and a size of 13 × 90 mm2. The nominal resistance is
40�, and the maximum voltage is limited to 28 V which corresponds to a power
of 19.6 W. At higher voltages, the heater temperature overcomes 200 °C that is the
maximum allowable temperature, according to the device datasheet.

2.2 CFR Prepreg Characterization

Preliminary moulding and mechanical tests were performed to characterize the
mechanical performances of the supplied CFR prepregs, and to find the optimal
processing conditions of the lab-scale moulding process. The adopted moulding
configuration is shown in Fig. 4a: 3-ply CFR laminates were compression moulded
on a heating plate, by applying the pressure through a universal material testing
machine (MTS Alliance RT/50), equipped with a 10 kN load cell and a compression
platen on the crosshead. This number of plies was selected as a compromise to have
thin laminates but flat and enough stiff to be tested up to failure by bending.

Prepreg plies were cut with the shape of 15 × 100 mm2, and laminated into an
aluminiummould, between two release films. Themould consisted of a bottom plate,
a rectangular chamber, and a top punch. A soft rubber insert was inserted between
the top release film and the punch to allow pressure distribution during moulding.
A spring was located between the punch and the compression platen of the testing
machine.

The role of the spring was compensating the thickness reduction of laminates
due to agglomeration, as the machine crosshead was fixed during moulding. For
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Fig. 4 Compression moulding configuration of CFR composite samples (a) and DMA test of a
CFR laminate (b)

curing, process parameters were initially inferred from suggested parameters of auto-
clave molding by the prepreg datasheet, and partially modified. In order to move to
compression molding, a higher temperature was selected (200 °C) with a lower
pressure (2 bar) and shorter holding time (30 min).

In order to verify that the adoptedmouldingprocedurewouldbe able to consolidate
the CFR laminates, mechanical tests were carried out (byMTS Insight 5) in a 3-point
bending configuration, with a span length of 30 mm, and a testing rate of 10 mm/min
up to break. Testing parameters were selected to have sample failure during bending.
Results on 5 samples showed the optimal agglomeration of the laminates. In fact,
their average thickness was 0.66 ± 0.01 mm, with a cured ply thickness of 220 μm.
The resulting bending strength was 840± 70 MPa, the maximum strain 2.3± 0.2%,
and the elastic modulus 47 ± 4 GPa.

The CFR prepreg characterization was concluded with a dynamic mechanical
analysis (DMA) test to evaluate its suitability to be integrated into a CFR-SMPC
device with the embedded heater. The risk was that the heater would be not able to
provide sufficient heat for laminate softening. The test (by Netzsch DMA 242C) was
carried out on a single 3-plyCFRsamplewith a 3-point bending configuration aswell.
A temperature scan from room temperature to 250 °C was performed at the rate of 5
°C/min, the span length of 40mm, and the oscillation frequency of 10 Hz. Results are
reported in Fig. 4b. The glass transition temperature of the cured CFR laminate can
be extracted from the inflection point of the storage modulus (181 °C) and the peak
of the loss factor (206 °C). It has been discussed that this glass transition temperature
reduces into a CFR-SMPC laminate because of the interaction with the SMP resin
[23]. Therefore, it is expected that the CFR plies of the SMPC actuators will soften
by the heat of the flexible heater without exceeding its maximum temperature of 200
°C.
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2.3 CFR-SMPC Actuator Manufacturing

The CFR-SMPC devices were manufactured in one-step curing process with the
same moulding procedure of the neat CFR laminates. The architecture of Fig. 3 was
used for the sandwich configuration. Some details of the SMP foam core preparation
are reported in Fig. 5. A tablet with the height of 10 mm and the diameter of 20 mm
was made by cold compression moulding of the uncured SMP powder. This tablet
was solid-state foamed in oven at 320 °C for 8 min into a steel mould.

The foamwas cut into 2mm thick slices fromwhich foam blockswith the nominal
size of 13 × 13 mm2 were extracted. Higher thicknesses would lead to excessive
reduction of the sandwich stiffness. Instead, the width was the same of the selected
flexible heater of the actuator. In fact, for the lamination of the CFR-SMPC devices,
the CFR plies were cut with the same nominal size of the flexible heater (13 × 90
mm2). The CFR-SMPC sandwich actuator was laminated into the mould by using a
single CFR ply for the external skins. As shown in Fig. 6, a layer of SMP powder
was distributed on the bottom CFR ply, having a mass of 0.17 g which corresponds
to a nominal thickness of the SMP interlayer of 100 μm [16]. Subsequently, the
heater was placed on it, and two foam tablets on the heater. The volumes before and
after the foam tablets were filled with uncured SMP powder: 1.2 g for each side, as
calculated by the value of the nominal volume to fill and the cured resin density (1.4
g/cm3).

Fig. 5 Preparation of the SMP foam cores of the CFR-SMPC sandwich device

Fig. 6 Main steps of the lamination procedure for the CFR-SMPC sandwich device
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Fig. 7 ManufacturedCFR-SMPCdevices (a) and steps ofmemory testing in bending configuration
and hot deformation mode for the CFR-SMPC sandwich actuator (b)

The lamination procedure ended by placing another layer of SMP resin and the
top CFR ply. Subsequently, the punch was added to close the mold for curing under
the machine platen.

For comparison, a 2-ply CFR-SMPC actuator with embedded heater wasmoulded
with the same procedure of the neat CFR samples and the SMPC sandwich device. In
this case, the flexible heater was placed in the neutral axis of the laminate and joined
with the external CFR plies by two SMP interlayers, each one with the nominal
thickness of 100 μm. The 2 manufactured CFR-SMPC devices are shown in Fig. 7a.
The one-step molding procedure has been able to consolidate both the actuators.

2.4 Shape Memory Testing

Shape memory properties of the manufactured actuators were tested by memory,
constrained-recovery and free-recovery tests, under the bending configuration.

The memory test was carried out in the so-called “hot deformation mode” [23].
In this case, the samples to test are heated up to their soft state before testing. Subse-
quently the load is applied according to the selected loading scheme. In this study,
the 3-point bending configuration was chosen with a span length of 80 mm, and
the softened actuators were bent at the rate of 10 mm/min up to 5 and 10 mm in 2
consecutive tests. The same testing parameters were selected for the laminate and
the sandwich device for comparison. SMPC softening occurred by heating up the
devices with the embedded heater at the voltage of 26 V (93% of the maximum
allowable). A current of 0.63 A resulted for a power of 16.4 W. After loading in the
MTS Insight 5 machine, the heater was switched off and the machine crosshead was
fixed for the time of 5 min, which was sufficient to cool the devices down to the room
temperature, approximately. The testing procedure ends by un-loading the samples to
measure the residual elastic recovery. In Fig. 7b, the holding step of the CFR-SMPC
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Fig. 8 Theoretical behaviour of perfect elastic and SM materials in a memory test with the hot
deformation mode

sandwich device is shown together with the final deformed configuration in the case
of 10mmof nominal inflection. This 3-step testing procedure of the “hot deformation
mode” (hot loading, holding under cooling, and un-loading) allows recognising the
behaviour of the tested material, and quantifying its SM performances. The response
of a generic material to this kind of test is represented by the curves of Fig. 8 in terms
of stress versus time.

In the loading stage, the stress increases linearly, and the slope of this line is
related to the sample stiffness. As the material softens under heating, this stiffness is
lower than the case of room temperature testing. In the end of loading, the heating
is interrupted, and the material starts to cool. A perfectly elastic material increases
its stiffness up to reach the stress level that would have had in the case of a room
temperature loading. In the final un-loading step, the full deformation is recovered
with the same slope of the loading stage. If the material is a SMP, most of the stress
is forgot during the cooling stage, and the applied deformation is mostly frozen as
well. During un-loading, a small amount of residual elastic stress is recovered as
well as a part of the applied deformation. Good SMPs show high initial stresses in
the end of the loading stage together with very low residual elastic stresses in the
end of the cooling stage, without the occurrence of any damage. From a conceptual
point of view, the residual elasticity could be zero in the end of testing, but that is a
very rare occurrence and only for very soft polymers.

Between these two opposite behaviours (perfect elastic and SMP), it is possible
that the stress decrease in the cooling stage is partially compensated by a small
elastic stress increase at low temperature. This behaviour is typical of SM samples
with high stiffness or with strong contribution of non-SM elements. An example is
the manufactured CFR-SMPC actuator with sandwich architecture because of the
high device thickness and the presence of the carbon fibres in the external skins.

In the experimentation, during thememory tests, a type-J thermocouplewas placed
at the device intrados to monitor the temperature during time. The SMPC sandwich
device was placed with the foamed tablets from the side of the punch. After each
memory test at 5 mm or 10 mm, constrained recovery tests were carried out too. In
this case, after un-loading from the memory test, a small pre-load (1 N) was applied
by the punch on the device with the frozen configuration. Subsequently, the machine
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Fig. 9 Initial andfinal configuration of the SMPC laminate device during the free recovery test (case
of 10 mm of inflection by bending) and difference between the considered maximum displacement
in the memory and free recovery test

crosshead was stopped and the heater was switched on with the same voltage of the
memory step (26 V). Due to heating, the devices would recover the shape but, for
the presence of the constraints, they remain deformed and apply a recovery load to
the punch. After 5 min, the heaters were switched off and the devices were left to
cool under constraints. Constrained recovery tests were carried out by monitoring
the temperature at the device intrados as the memory tests. The tests ended when the
device temperature approached again the room temperature. The un-loading phase
was not recorded.

However, after load removal, a further elastic stress recovery was observed as well
as a reduction of the frozen deformation, in addition to those of the memory test.
In order to close the SM testing, at the end of each constrained-recovery test, a free
recovery test was also performed by heating the devices with the same voltage (26
V) but in absence of constraints. Free recovery was camera recorded to extract the
displacement of the inflection point during time. In this case, the displacement was
measured from the device ends and not from the supports as in the previous tests. In
the end of the free recovery test, a small residual displacement can be present. The
case of the free recovery of the SMPC laminate device is shown in Fig. 9, together
with the description of the difference between the maximum displacement from the
memory tests and in the free recovery tests.

In order to quantify the loss of deformation during the memory-recovery cycle, it
is possible to consider the shape fixity Rf and the shape recovery Rr :

R f = εu

εm
.100 (1)

Rr = εr

εm
.100 (2)

where εu is the frozen strain after load removal, and εr is the recovered strain. The
term εr is calculated as the difference between the maximum applied strain in the
memory test εm , and the final residual strain after the free recovery test. An optimal
SMP shows both parameters, Rf and Rr , close to 100% as Rf expresses the ability
of the sample to store the applied without elastic stress recovery, and Rr measures
the possibility of recovering the initial equilibrium configuration, without residual
deformation in the end of free recovery.
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3 Results and Discussion

The CFR-SMPC laminate device has an average thickness of 0.89 mm and a weight
of 5.7 g. By considering the thickness of the embedded heater (150 μm) and the
thickness of cured CFR plies from the characterization tests (220 μm), the thickness
of 150 μm for the SMP interlayer is extracted, 50% more than the expected nominal
thickness of 100 μm. This discrepancy may be accepted as a laboratory procedure
has been adopted and some errors can be originated by the assumption that the same
thickness of the single cured ply is present in the 3-ply neat CFR laminates and in
the device CFR skins. Moreover, the nominal thickness for the flexible heater has
been used. For the sandwich actuator, which has a final average thickness about 2.68
mm with 2 mm thick foam tablets, a thickness of 90 μm can be inferred for the SMP
interlayer between the heater and the bottom CFR ply. In both cases, similar SMP
interlayers can be discussed for the 2 actuators.

In terms of weight, the sandwich architecture leads to an increase. In fact, the
CFR-SMPC sandwich has a weight of 8.2 g, 44% more than the laminate. As the
heater has a weight about 5 g, and both devices have the same number of CFR plies,
the sandwich actuator has an amount of 2.5 g more of SM resin.

This additional SMP weight is in the form of foam, filling volume, and interlayer
(30% of the device weight). The goal of the design of the new architecture (Fig. 3) is
increasing the stiffness at room temperature of the actuator aswell as its deformability
in the soft state. The bending stiffness of the SMPC laminate at room temperature,
with the span length of 80 mm, is 2.2 N/mm which corresponds to the bending
modulus of 25.7 GPa. The SMPC sandwich has a lower modulus (10.5 GPa) but a
higher stiffness (22.6 N/mm), 10 times the laminate. For the deformability of the
device in the soft state, the use of a higher amount of SMP in comparison with the
laminate is already a first solution. Nevertheless, the related increase of the device
thickness leads to higher stresses in the CFR skins.

For this reason, the use of foams localized in the centre of the actuator helps in
reducing memory stresses by the mechanism of cell collapsing. The instrumented
memory-constrained recovery-free recovery cycle has been implemented to under-
stand if this new architecture is really valid in comparison with the traditional 2-ply
laminate with a SMP interlayer. Results frommemory and constrained recovery tests
are shown in Fig. 10 in the case of 10 mm of applied inflection.

Reported stresses were calculated by the Euler–Bernoulli beam equation. The
comparison between stress values is not possible on the same graph because of the
big difference in achieved maximum values (being 10 times higher for the laminate).
Before the memory test, both devices reached a comparable temperature at intrados:
exactly 181 °C for the laminate and 185 °C for the sandwich. Similar values of
temperature (177, and 176 °C respectively) were also reached in the end of the
constrained recovery step. These values of temperatures are able to soft the CFR
plies according to data of Fig. 4b. However, by comparing the temperature curves of
the constrained recovery test, it is possible to observe the effect of the thicker section
of the sandwich device on the heating rate. In fact, the thin laminate needs only 1
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Fig. 10 Temperature and stress curves for the memory and constrained recovery tests of CFR-
SMPC actuators in the case of 10 mm of maximum applied displacement

min to exceed the temperature of 170 °C whereas this threshold is exceeded after 3
min by the SMPC sandwich.

In the memory test, the SMPC laminate, shows a typical behaviour of SMPs with
a continuous stress decay during cooling. Unfortunately, the stress level is high,
starting from 32.2 MPa and is only partially reduced by the SM behaviour of the
SMPC, with the consequence of a large displacement recovery in the un-loading
step. In the case of the SMPC sandwich, the discussed partial elastic recovery during
cooling (Fig. 8) is observed both in the memory and the constrained recovery test.
This occurrence is related to the higher stiffness of the CFR-SMPC sandwich device
and is responsible to increase the stress in the final plateau zone over the value of
the initial applied stress, at the end of the loading stage. Nevertheless, it is important
to note that stresses of Fig. 10 are normalized stresses at the intrados/extrados of the
bent samples, and do not consider possible local densification because of the rubbery
state of the SMP interlayers and foams. It is expected that the real applied stresses



Manufacturing and Testing of Shape Memory Polymer Composite … 153

are lower than those numerically calculated in the hypothesis of uniform bending,
and much lower for the thick sandwich rather than the thin laminate.

In quantitative terms, the comparison between the two SMPC devices is proposed
in Table 1 for both applied displacements (5 and 10 mm) in the memory test. One test
was performed for each condition. For the SMPC laminate, the peak load is higher
than the sandwich at similar displacement, but the plateau load (in the end of the
cooling stage) is comparable because of the elastic stress recovery during cooling
of the sandwich. However, the applied stresses remain always low for the SMPC
sandwich during both the loading and the cooling stage, with positive effects on the
shape fixity.

In fact, the shape fixity is 98% on average for the CFR-SMPC actuator, much
higher than 77% of the laminate. As expected, the proposed architecture of the sand-
wich device combines high stiffness at room temperature with very good ability to
freeze the non-equilibrium shape after the memory test. This advantage is paid in
terms of the observed weight increase. There could be the further disadvantage of the
reduction of the recovery load, which is very important to provide an efficient actu-
ation. Instead, quantitative data of Table 2 on results from the constrained recovery
tests, at both applied displacements, show that the recovery loads of the SMPC sand-
wich are comparable or slightly lower than the laminate. Moreover, the optimal SM
behaviour of the sandwich architecture is confirmed by the low decrease of the shape
fixity in the end of the constrained recovery test. In fact, it is expected that SMPs and
SMPCs always recover a small part of the frozen displacement at each heating over
the characteristic temperature. This loss of frozen displacement leads to a reduction
of the shape fixity. In the case of the laminate, the shape fixity passes from 77% on
average to 63% with a loss of 14% of the applied deformation whereas this loss is
only 3% for the sandwich. This fact allows predicting that the CFR-SMPC sand-
wich actuators could be used under multiple cycling with small decrease of the SM
behaviour.

Being more elastic than the sandwich configuration, it can be expected that the
CFR-SMPC laminate could show an higher shape recovery, as confirmed by the
results of the free recovery tests. Displacement and recovery rate curves are shown
for both actuators in Fig. 11 for the case of 10 mm of applied displacement in the
memory test. The SMPC laminate take 1 min for full recovery, almost half than the

Table 1 Experimental data from memory tests of the CFR-SMPC actuators

Sample Nominal
applied
displacement

Peak load Peak stress Plateau load Plateau stress Shape fixity

ID mm N MPa N MPa %

Laminate 5 3.5 25.4 2.7 19.6 75.5

10 5.8 32.2 4.3 23.9 78.5

Sandwich 5 2.6 3.1 2.6 3.0 97.3

10 3.1 3.6 2.5 2.9 98.1
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Table 2 Experimental data from recovery tests of the CFR-SMPC actuators

Sample Nominal
applied
displacement

Constrained Free

Peak
load

Peak
stress

Shape
fixity

Maximum
displacement

Recovery
rate

Shape
recovery

ID mm N MPa % mm mm/s %

Laminate 5 2.3 16.7 60.8 4.2 0.04 97.4

10 3.6 20.7 65.5 7.6 0.06 98.4

Sandwich 5 2.5 2.9 93.1 4.8 0.02 92.1

10 2.6 3.1 95.9 9.8 0.04 97.3

sandwich. Curves also show that both actuators recover the equilibrium configuration
differently, more uniformly for the SMPC laminate, probably due to the lower time
necessary to reach a stable temperature distribution. The SMPC sandwich reaches
higher speeds but needs more time for full recovery.

In Table 2, quantitative data from free recovery tests are reported and the higher
average speed of the SMPC laminate is visible, being 0.05 mm/s on average in
comparison with 0.03 mm/s for the sandwich. In general, these rates are very low,
and this is a typical characteristic of the SMPC actuators. The shape recovery of the
SMPC laminate is higher than the sandwich, as expected, but a difference of 3% of
applied deformation is only present. This difference is acceptable by considering the
very high shape fixity which has been reached by the same CFR-SMPC sandwich
actuator.

Fig. 11 Displacement and recovery rate curves for the free recovery tests of CFR-SMPC actuators
in the case of 10 mm of maximum applied displacement
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4 Conclusion

The proposed architecture of the CFR-SMPC sandwich actuator reaches the target of
increasing the room temperature stiffness of the actuator together with its deforma-
bility in thememory stepwithout affecting excessively the recovery loads.Moreover,
very high shape fixity values have been obtained for the SMPC, also after multiple
heating–cooling cycles.

The discussed prototypes of the CFR-SMPC actuators represent some of the
largest ever manufactured in the state-of-the-art and have a size already interesting
for some industrial uses, mainly for self-deploying of space structure. This result has
been reached thanks to the one-step manufacturing procedure with lamination of the
CFR plies and the SMP layers and foams directly on the flexible heater.

During testing, small displacements have been applied to the CFR-SMPC devices
(5 and 10 mm) because of the need to provide a correct comparison between them.
Under bending, the maximum strain is applied at the intrados and extrados of the
middle cross-section of the bent samples. This solution is very effective to charac-
terize the SM behaviour of the CFR-SMPC devices but it could provide the wrong
perception that these materials can undergo small shape changes during actuation.
Instead, by spreading the same maximum strain over the entire device length, it is
possible to obtain quite large shape-changes. From a theoretical point of view, by
applying a curvature equal to 1/R to a laminate with thickness t, at a distance y from
the neutral axis, the applied deformation ε is equal to y/R.

Therefore, for the CFR-SMPC sandwich actuator (with a thickness of 2.68 mm)
a uniform curvature radius of 50 mm leads to a maximum strain of 2.5%, the same
of the memory step with 10 mm of inflection. In Fig. 12, the CFR-SMPC sandwich
device is shown with a frozen configuration with a curvature radius of 25 and 50
mm. In the case of the lower curvature, the SMPC laminate is shown for comparison.
These images show the ability of this device to undergo important shape changes
without damaging.

Fig. 12 Shape change ability of the CFR-SMPC actuators
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Control Policy for Production Capacity
Modulation
with Waiting-Time-Constrained Work
in Process

Matteo Mastrangelo, Maria Chiara Magnanini, and Tullio A. M. Tolio

Abstract Reducing scrap is one of the key objectives of manufacturing companies
to increase production efficiency and sustainability. Although many causes of scrap
can be attributed to deviations at level of single processes, there are other causes
inevitably related to dynamics at system level, as in presence of perishable material.
In such situations the amount of time material waits in buffers, and therefore its
level of degradation, is a consequence of the interaction among dynamics of the
different production resources. This work presents an analytical model of a two-stage
production system with perishable work in process. The model includes a control
policy that modulates production capacity of parallel machines based on buffer and
machines state, to reduce average waiting time and therefore scrap. Results from an
industrial case in the semiconductor manufacturing sector show the usefulness of
the policy in reducing scrap when the maximum waiting time of work in process is
constrained.

Keywords Manufacturing systems · Quality · Control policies

1 Introduction

Manufacturing companies face a more complex and demanding environment today
than in the past. They must satisfy market demands while remaining competitive,
all while decreasing the environmental impact of the industrial sector. These objec-
tives can be achieved by pursuing a more sustainable production, which involves
creating top-quality products while minimizing resource usage, including energy
and materials [1].

Sustainable production necessarily involves improved production efficiency.With
modern manufacturing systems becoming increasingly integrated, final performance
results from the interaction of a multitude of factors: production planning and
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scheduling, material flow management, inventory control, equipment efficiency,
availability of workforce, maintenance practices, quality inspection methods, scrap
and waste management policies, and others. To enhance production efficiency, the
combined effects of such factors must be considered through integrated approaches
that address the interdependence between key manufacturing functions as, for
example, logistics,maintenance andquality [2]. It is crucial to have performance eval-
uationmodels that can take into account the numerous factors that affect a production
system. Performance evaluation serves as a vital tool in comprehending how a system
behaves in novel scenarios or estimating the impact of changes to its configuration
and/or management policies [3]. Therefore, performance evaluation represents the
foundation for optimization and continuous improvement.

One way to enhance production sustainability and efficiency is by improving
quality and reducing scrap, which often stems from localized deviations in indi-
vidual processes such as tool wear, incorrect part positioning, overheating damage,
and unwanted vibrations. Process monitoring and control methods are typically
utilized to identify and correct such deviations. Although the sources of defects are
not directly connected to other manufacturing functions, interaction effects between
quality control methods and production logistics may arise. It is critical for instance
to evaluate how material flow dynamics can impact the detection and correction of
process deviations [4].

However, for production systems involving perishablematerials, production logis-
tics can directly contribute to scrap. Perishable materials are susceptible to contam-
ination from the production environment and deterioration over time due to their
intermediate state and storage conditions. Extended waiting periods at crucial loca-
tions in the production system can negatively impact the quality ofwork in process. In
these situations, it is important to manage production resources effectively to facili-
tate smooth material flow throughout the factory and prevent excessive accumulation
of work in progress.

This paper proposes a control policy for modulating production capacity in pres-
ence of parallel unreliable machines and perishable work in process. Manufacturing
systems frequently incorporate parallel machines to increase production capacity and
balance stages inmulti-stage systems. Despite thewidespread use, performance eval-
uation of systems that include parallel machines continues to be an area of interest
for researchers [5]. This paper is centered on the definition of a semi-Markov model
that incorporates the proposed policy into a two-stage manufacturing system with an
inter-operational buffer. The two-stage system serves as the fundamental modeling
unit for developing decomposition-based approaches to assess the performance of
more extensive systems [6]. Within the reference system, the control policy activates
and deactivates machines based on the state of both the buffer and the machines
themselves.

The remainder of the paper is organized as follows. Section 2 presents an analysis
of the relevant state of the art. Section 3 describes the problem under analysis and
Sect. 4 presents the adopted modeling approach. Section 5 describes a case study
where the proposed policy is applied to a semiconductor manufacturing system.
Section 6 provides conclusions and suggestions for future research.
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2 State of the Art

The focus of this paper is on two key subjects that are significant in the state
of the art. From an industrial perspective, the management of perishable work in
process in production systems is addressed. From the modeling point of view, the
work is related to the development of performance evaluation models that integrate
production logistics and quality control.

2.1 Perishable Work in Process in Production Systems

Perishability ofwork in process is a relevant issue in different industrial sectors. In the
food processing industry products are subject to perishability, due to possible external
contamination and degradation of the material itself, while stored in buffers. Produc-
tion control in this sector requires accurate determination of quantity to produce
based on customer demand [7]. Analogously, the pharmaceutical sector is charac-
terized by deterioration of both finished products and intermediate materials due to
chemical nature of processes and products. Accurate inventory control is necessary
in order to avoid waste of possibly harmful material [8].

Electronics and semiconductormanufacturing processes are frequently performed
at a microscopic scale, resulting in strict limits on the acceptable level of impurities
present in incoming parts, as in the diffusion operation in wafer fabrication [9].
Accumulation of large quantities of impurities over long periods of time may cause
work in process material to be scrapped or reworked. Thus, inventory control policies
are usually focused on keeping low inventory levels, considering the high value of
the inventory as well [10].

The majority of studies on control of perishable inventories concentrate on the
supply chain [11]. Literature includesworks that dealwith this problemunder various
assumptions, including constant [12] or intermittent demand [13], and material with
fixed expiration time [14] and or continuous deterioration over time [15]. Outcomes
from these works are well-suited for production planning, where time horizons are
usually in the order of several days, allowing for possible variations of the control
parameters over time [16]. Implementation of these policies can be challenging in
contexts where variations occur within hours or even minutes, such as in the shop
floor. In such contexts, it would be more practical to implement policies to manage
the flow of material based on fixed control points.
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2.2 Performance Evaluation Models Integrating Quality

Performance evaluation is an essential step towards improvement of manufacturing
systems and involves estimating the effect of various factors on performance indi-
cators such as throughput, work in process level, efficiency, among others. Quality
is considered one of the most critical factors that can influence system behavior
and performance. Therefore, efforts for their integration in performance evaluation
models start with including production resources that may produce parts with imper-
fect quality [17]. The presence of out-of-control states, potentially producing large
numbers of defective parts, is accounted in [18] for small systems including SPC
methods and extended in [19] to larger systems. Other contributions include the
evaluation and improvement of systems including quality-quantity coupled opera-
tions, where the quality of parts as output of manual operations decreases as the
operation cycle time decreases [20].

Besides, the issue of quality deterioration, caused by machine stoppages and
long waiting times, is not new to the literature. Scrapping policies in response to
machine failures are analyzed for instance in [21], considering buffer-less systems
with both presence and absence of deteriorationmemory, in [22], analyzing scrapping
policies resulting from stoppages of pharmaceutical production systems, and [23],
differentiating between long lasting failures, causing deterioration, and rapid failures
that do not influence the quality of parts. Although such works represent valuable
contributions to management of deteriorating products in different real scenarios,
they do not consider material perishing that is caused by minor stoppages and delay,
which are much more frequent during ordinary operation of manufacturing systems.

3 Problem Description

The reference manufacturing system is composed of two production stages decou-
pled by an inter-operational buffer with finite capacity. The material waiting in
the buffer is perishable, meaning that its quality deteriorates as the waiting time
increases, possibly leading to scrap. This represents the minimum system config-
uration allowing to account for the effect of material flow dynamics on quality of
perishable material. The concepts that will be presented for the reference system
could be applied to larger systems, with the help of decomposition-based perfor-
mance evaluation approaches [6]. The upstream stage is made of parallel machines
that perform the same operation. The downstream stage may be either made of a
single machine or multiple machines. All machines are subject to random failures.
The system is shown in Fig. 1, where blue squares represent machines and the yellow
circle represents the buffer.

To reduce the amount of material being scrapped because of perishability, it is
important to control the amount of time material spends waiting inside the buffer.
Although one could simply increase productivity of the downstream stage to speed
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Fig. 1 Graphical
representation of the
reference manufacturing
system

up material outflow from the buffer, e.g. improving machines availability, this would
lead to poor improvement in case the downstream stage itself is the bottleneck of
the system. Therefore, in many cases it is preferable to act on the upstream stage to
improve control over the level of work in process and keep it as low as possible. This
translates in a reduction of the overall productivity of the upstream stage, so that the
buffer fills up more slowly on average and the average filling rate gets closer to the
average emptying rate, determined by the downstream stage. Productivity reduction
at the upstream stage can be obtained either by decreasing its production rate or by
increasing the amount of non-productive time.

In a production stage that consists of multiple parallel machines, the first action
can be obtained by switching off some of them, so that the overall material flow
from the upstream stage to the buffer is reduced. The second action instead can be
achieved by switching off all machines and keeping them inactive for extended time
windows, differently from what usually happens in production systems with finite
buffers. Indeed, it is common practice to keep machines idle just until enough free
space in the following buffer becomes available.

To exploit the beneficial effects of both actions, they can be combined in a control
policy that modulates the production capacity of the upstream production stage
depending on the level of the work in process and the state of machines. Specifi-
cally, machines are activated or deactivated in correspondence of predefined levels
of the buffer, also called buffer thresholds. Initially, all parallel machines are opera-
tional and the buffer fills up at the maximum possible rate. As buffer level increases
machines are sequentially switched off in correspondence of consecutive thresholds,
namely switching points. At the last switching point all machines are deactivated and
buffer level starts decreasing. The control then lets buffer level decrease and reacti-
vates all machines as soon as buffer level reaches another threshold, namely restart
point. The described system behavior is depicted in Fig. 2 considering a system with
two parallel machines at the upstream stage.

It must be noticed that, in presence of unreliable machines, further reductions in
productivity of a production stage induced by control policies may be detrimental to
the overall performance of the system.Abuffer level that is consistently low increases
the likelihood of complete buffer draining when failures occur at the upstream stage,
thus causing starvation of the downstream stage. This situation should be avoided,
particularly in case the downstream stage is the bottleneck. Therefore, a trade-off
exists between the benefits, in terms of reduced waiting time and scrap, and the
drawbacks, in terms of bottleneck starvation.



164 M. Mastrangelo et al.

Fig. 2 Schematization of
the control policy combining
two switching points and a
restart point. Blue squares
represent working machines,
gray squares represent idle
machines. As buffer level
increases, both upstream
machines are active below
“Switching 1” and one
machine is deactivated
above. As buffer level
decreases, both machines are
deactivated between
“Switching 2” and “Restart”

4 Methods

The problem is approached in two steps: first, a control policy that includes the
features mentioned in the previous section is formalized; second, the control policy
is included in a steady-state performance evaluation model of the two-stage system
under analysis. The control policy is described by means of event graphs, to provide
a practical representation of the sequences of states and events involved in control
loops. Then the control policy is included in a steady-state performance evaluation
of manufacturing systems based on mixed-state Markov Chains, where the buffer
level is approximated as a continuous variable [24].

4.1 Formulation of the Control Policy

The control is formalized starting from the set of states the reference system can
assume and the set of events that allow transitions among these states. Each parallel
machine is characterized by three states: operational, or up (U), failed, or down (D),
and idle (I). The idle state represents the machine being not operational because it
has been stopped by a control action. Events that change the state from up to down
and vice versa, i.e. failure (f) and repair (r), are random and non-controllable. Events
that change the state from up to idle and vice versa are controlled. Figure 3a shows
the event graph of one upstream machine. Random events are depicted in red and
controlled events are depicted in green.

For simplicity, a systemwith twoparallelmachines at the upstream stage is consid-
ered. However, the control formalization outlined below can be applied to systems
with any number of parallel machines by increasing the number of control points.
Given this simplification, the buffer state space is discretized in four macro-states:
empty (E), restart point (R), first switching point (S1) and second switching point
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Fig. 3 Event graph of a single machine (a) and event graph of the buffer (b)

(S2). The discretized state of the buffer changes when the buffer level hits the corre-
sponding threshold value, either due to an increase (i) or a decrease (d) event. Such
events depend on the state of the upstreammachines: buffer level increases whenever
the upstream stage is productive and decreases when it is not. Figure 3b shows the
event graph of the buffer. Events depending on machine states are depicted in blue.

The control loop changes according to the state of the upstream stage. Figure 4
shows the three possible loops: “UU” indicates that both machines are up, “DU”
and “UD” indicate that the first and second machines are failed respectively. Control
loop (a) is applied when both machines are operational: while the upstream stage is
productive and the buffer level increases, machines are stopped sequentially when
the respective switching points are reached; when both machines are idle the buffer
level decreases until both machines are restarted in correspondence of the restart
point.

Control loops (b) and (c) are applied when the first and second machines are
failed, respectively. Like in loop (a), the buffer level increases while the upstream
stage is productive, but the first switching point has no effect; the operating machine
is stopped in correspondence of the second switching point; then the buffer level
decreases until the available machine is restarted in correspondence of the restart
point. When both machines are failed the buffer level can only decrease, eventually
going to zero (E), and no control action is executed.

Fig. 4 Control loops a with both machines operational, b with first machine failed and c with
second machine failed
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Fig. 5 Various effects of random events (failures and repairs) on control loops

As soon as onemachine fails, control loop switches from (a) to (b) or (c) depending
on which machine is down. However, when a failure of the first machine occurs after
the first switching point has already been reached, and so the state of upstream
machines is “UI”, a control command to restore productivity of the upstream stage
is immediately issued and the idle machine is restarted, as depicted in Fig. 5a. The
system is then in control loop (c).

Whenever one of the two machines is down and control loop (b) or (c) is in the
upper part, i.e. upstream stage is supposed to be productive, a control action to stop
the second machine is immediately issued upon repair of the failed machine, so that
the upstream stage produces at the rate imposed by control loop (a), as depicted in
Fig. 5b.

Similarly, when one machine is down the system follows control loop (b) or (c).
If the second switching point has been passed and the upstream stage is supposed
to be non-productive, as soon as the failed machine is repaired a control action to
stop it is immediately issued, so that the upstream stage remains non-productive, as
depicted in Fig. 5c, d. In this way, control switches to loop (a).

4.2 Performance Evaluation Model

In the following, a stochastic analytical model for the steady-state performance eval-
uation of the two-stage production system is introduced. The model is based on the
state-based Markovian representation of production resources. The combination of
the states of the two production stages, namely the joint state, defines the direction
and rate of change of the buffer level, which is modeled as a continuous variable.
The model is based on the following assumptions:

1. The upstream stage is never starved and the downstream stage is never blocked;
2. Processing times of machines are deterministic and may be different among

machines;
3. Machines are unreliable and subject to operation-dependent failures;
4. Time to failure and time to repair are exponentially distributed;
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5. The buffer capacity is finite;
6. The system is asynchronous, i.e. each machine can start or finish at any time

without synchronization with other machines;
7. The dispatching policy is First In First Out (FIFO).

Figure 6a provides a graphical representation of theMarkovian state-based model
of one machine with two states, an up state (U) and a down state (D). The failure and
repair rates are denoted as p and r respectively. The service rate when the machine is
up is denoted asμ. Figure 6b provides the representation of the state-basedmodel of a
production stagemade of twoparallelmachines, obtained as the combination of states
and transitions of the two machines. Combining the state space of the upstream stage
with that of the downstream stage and with the buffer level, the overall state space of
the system is obtained. The performance evaluation model includes buffer thresholds
that allow to model the dynamics induced by the control policy [25]. The different
threshold values represent activation points determining an instantaneous transition
between specific joint states at predefined levels of work in process. Figure 7 provides
graphical representations of the modeled dynamics. Specifically, Fig. 7a shows the
control loop in case both upstream machines are operational and Fig. 7b, c show
the control loops in case one machine is failed, i.e. the first switching point has no
effect. Joint states are denoted with the combined state of upstream parallel machines
between brackets, followed by the state of the downstream machine. For example,
state “(UU)U” denotes the joint state where both machines at the upstream stage are
operational and the downstream machine is also operational.

Two types of behaviors are defined in [25]: internal behavior, i.e. dynamics occur-
ring within a certain buffer range delimited by two threshold values, and threshold
behavior, i.e. dynamics occurring on specific threshold levels. Internal behavior is
characterized by a mixed continuous-discrete state space, with buffer level repre-
senting the continuous part and joint states representing the discrete part. Buffer

Fig. 6 Graphical representation of the state space of one machine feeding a buffer (a) and a
production stage with two machines feeding the same buffer (b)
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Fig. 7 Representation of the state space of a two-stage system including the proposed control
policy, with two parallel machines at the upstream stage and a single machine at the downstream
stage. Control loops considering both upstream machines operational (a), one upstream machine
failed (b–c)

level can change at a rate that depends on the joint state. Internal states are repre-
sented in Fig. 7 with blue lines. Lines with an arrow indicate buffer level changing
in a specific direction. Lines without an arrow indicate buffer level not allowed to
change in that joint state. Internal states are characterized by differential equations
defining probability density functions of the buffer level for every joint state, denoted
as f (x, SuSd). The probability of being exactly at a specific buffer level in a given
joint state is therefore equal to zero.

On the contrary, the threshold behavior is characterized by a discrete state space
and includes those states where the buffer remains steady in correspondence of a
given threshold value. Threshold states are characterized by non-zero probability
values π(x∗, SuSd). Threshold states are represented in Fig. 7 with blue boxes. Red
arrows among joint states indicate stochastic state transitions due to failures and
repairs. For simplicity, only the most significant transitions are reported, to avoid
repetitions.

Green dashed arrows indicate state changes determined by the control policy,
occurring in correspondence of specific thresholds. It is possible to notice that,
with respect to the machine characterization reported in Fig. 6, additional states
“I” are present for the upstream production stage, one for every parallel machine, as
described in Sect. 4.1. Transitions to and from these states are exclusively determined
by control actions. The control behavior described in Sect. 4.1 can be translated into
the following probability balance equations in the performance evaluation model:

1. Deactivation of the second upstreammachine at the first switching point, denoted
with x1s , if both machines are not failed:

f
(
x1s , (UU )Sd

) · ν((UU )Sd) = f
(
x1s , (U I )Sd

) · ν((U I )Sd) (1)

2. Deactivation of the only operational machine at the second switching point,
denoted with x2s :
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• Deactivation of the first machine if the second one is idle:

{
f
(
x2s , (U I )U

) · ν((U I )U ) = f
(
x2s , (I I )U

) · ν((I I )U )

f
(
x2s , (U I )D

) · ν((U I )D) = π
(
x2s , (I I )D

) · rd (2)

• Deactivation of the first machine if the second one has failed:

{
f
(
x2s , (UD)U

) · ν((UD)U ) = f
(
x2s , (I D)U

) · ν((I D)U )

f
(
x2s , (UD)D

) · ν((UD)D) = π
(
x2s , (I D)D

) · rd (3)

• Deactivation of the second machine if the first one has failed:

{
f
(
x2s , (DU )U

) · ν((DU )U ) = f
(
x2s , (DI )U

) · ν((DI )U )

f
(
x2s , (DU )D

) · ν((DU )D) = π
(
x2s , (DI )D

) · rd (4)

3. Reactivation of all non-failed upstream machines at the restart point, denoted
with xr :

• Reactivation of both machines, if they are not failed:

f (xr , (I I )Sd) · ν((I I )Sd) = f (xr , (UU )Sd) · ν((UU )Sd) (5)

• Reactivation of the first machine, if the second one has failed:

f (xr , (I D)Sd) · ν((I D)Sd) = f (xr , (UD)Sd) · ν((UD)Sd) (6)

• Reactivation of the second machine, if the first one has failed:

f (xr , (DI )Sd) · ν((DI )Sd) = f (xr , (DU )Sd) · ν((DU )Sd) (7)

In Eqs. 1–7, ν(SuSd) denotes the rate at which the buffer level increases or
decreases, given by the combination of upstream and downstream stages, i.e.
ν(SuSd) = μu(Su) − μd(Sd). Product f (x∗, SuSd) · ν(SuSd) represents the proba-
bility flow of exiting or entering a given joint state in correspondence of a specific
threshold value. In Eqs. 2, 3 and 4, rd is the repair rate of the downstream machine
and represents the transition allowing to exit from threshold states. Indeed, as soon
as the downstream machine is repaired, the buffer level starts decreasing.

Another effect of the control policy is the introduction of stochastic transitions
between states “(UI)Sd” and “(DU)Sd” and the transition from state “(UD)Sd” to
“(UI)Sd” in the buffer range above the first switching point. The first one results from
the requirement of having at least one operational machine, if not failed. Therefore,
if the first machine fails, the state changes from “(UI)Sd” to “(DI)Sd”, but the control
immediately reactivates the second machine, changing to state “(DU)Sd”. As soon as
the first machine is repaired, state changes to “(UU)Sd” but the control immediately
switches the second machine back off, changing to state “(UI)Sd”. Similarly, the
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transition from “(UD)Sd” is present because the repair of the secondmachine changes
the state to “(UU)Sd”, but the control immediately deactivates the second machine,
changing to “(UI)Sd”. Balance equations of these internal states and all other internal
states are formulated according to the method reported in [25].

The performance evaluation model defines a system of differential and algebraic
equations. Solution of the system of equations provides the probability distribution
function of every joint state, denoted as f (x, Su, Sd), and probability masses of
threshold states, denoted as π(x∗, SuSd). Through these probability distributions it
is possible to compute the throughput of the system as in Eq. 8 and the average buffer
level as in Eq. 9:

th =
∑

Su

∑

Sd

μd(Sd)

[∫ N

0
f (x, Su, Sd)dx + π

(
x∗, SuSd

)]
(8)

x =
∑

Su

∑

Sd

[∫ N

0
x · f (x, Su, Sd)dx + x∗ · π

(
x∗, SuSd

)]
(9)

To determine the fraction of the work in process that exceeds a certain waiting
time limit, the waiting time distribution is approximated through the expected value
of waiting time conditional to material entering the buffer at a certain level x as in
Eq. 10:

wt(x) = x
1

F(x)

∑
Sd
F(x, Sd) · μd(Sd)

(10)

where the denominator represents the weighted sum of the downstream processing
rate, with weights represented by the state probabilities between buffer levels 0 and
x . The term F(x) is the probability of buffer level being lower than level x and is
computed as in Eq. 11:

F(x) =
∑

Su

∑

Sd

∫ x

0
f (x, Su, Sd)dx (11)

The term F(x, S2( j)) represents the probability of the downstream stage being
in state j between buffer levels 0 and x and is computed as in Eq. 12:

F(x, Sd) =
∑

Su

∫ x

0
f (x, Su, Sd)dx (12)

Then, the defect rate is equal to the probability of exceeding a certain time limit
TL and is computed as in Eq. 13:

d = P(wt > T L) = 1 − F
(
x∗), x∗|wt

(
x∗) = T L (13)
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Finally, the throughput of good parts and the yield are obtained from Eqs. 14 and
15 respectively:

thg = th · (1 − d) (14)

y = thg

th
(15)

5 Industrial Case Study

5.1 Description of the Production System

The control policy and related performance evaluation model presented in the paper
have been analyzed as an application to a real production system in the semiconductor
manufacturing sector. The case study is represented by the cleaning and diffusion
stages of a wafer fabrication facility. Thermal and chemical operations carried out at
the diffusion stage have very strict requirements in terms of wafers surface contami-
nation and therefore cleaning is needed beforehand. Although the entire wafer fabri-
cation process is carried out in a clean room, wafers are still exposed to a small
residual fraction of impurities, which can cause defects if they accumulate on the
wafer surface for extended periods of time. A waiting time limit is therefore imposed
to wafers in queue for diffusion. Wafers exceeding such limit must be reworked at
the cleaning stage.

A preliminary analysis on the material flow in the area revealed an almost linear
material flow involving specific cleaning machines and groups of diffusion ovens,
despite the physical resources are arranged in a job shop layout. This is not unex-
pected, given that the wafer fabrication process involves building layers with varying
characteristics onto silicon wafers, each requiring specific setting of process parame-
ters, namely recipes. Each recipe is typically qualified to be executed only on a subset
of machines due to hardware restrictions and costs [26]. In the case under analysis,
qualification restrictions at both the cleaning and diffusion stages result in a linear
flow of material between groups of resources. Therefore, the system is modeled as
a set of five two-stage sub-systems, each with one or two cleaning machines at the
upstream stage and multiple diffusion furnaces at the downstream stage. Given the
usually high traffic intensity in this part of the system, the cleaning stage is supposed
to be never starved, while storage space is assumed to be infinite after the diffusion
stage.

The buffer of every sub-system is modeled as a container of planned diffu-
sion hours, and not as a container of wafers. Consequently, the processing rate of
every diffusion furnace is equal to 1 [diffusion hours/hour] and processing rates
of the upstream machines are rescaled accordingly. Table 1 provides the number
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Table 1 Composition of the five two-stage sub-systems: number of machines and buffer capacity

Sub-system Nr. upstream machines Nr. downstream machines Time buffer [diffusion
hours]

1 2 10 283

2 2 11 305

3 2 9 252

4 1 4 111

5 1 4 110

of machines at both stages and capacity of the buffer for every two-stage sub-
system. Numerical values concerning buffer capacity and system performance are
transformed for confidentiality.

5.2 Results

The control policy described in the previous sections is implemented in the different
sub-systems. In particular, for sub-systems 1, 2 and 3 the policy is implemented with
two switching points, one for every cleaning machine, and one restart point, that
restarts both cleaning machines. For sub-systems 4 and 5 the policy is implemented
with just one switching point and one restart point, since only onemachine is present.

The first stage of the analysis is the performance evaluation of every sub-system
with the proposedmodeling approachwithout including any control policy, to imitate
the behavior of the original system. The throughput estimated by the analytical model
is compared with the actual throughput obtained from production data to assess the
accuracy of the modeling approach. The analytical approach exhibits an average
error of 1.75% as reported in Table 2.

The second stage of the analysis is the application of the control policy to the
system to evaluate its impact. Figure 8 shows the effect of varying the values of the
intermediate switching point and the restart point on yield and throughput of good
parts of one sub-system. The main results can be summarized in a range of variation
that is approximately 1.5% for the yield and 2% for the throughput of good parts.
From the obtained response surfaces it is possible to observe, on one side, that both

Table 2 Throughput
comparison between model
results (with no policy) and
real system data

Sub-system thdata (parts/h) thmod (parts/h) Error (%)

1 287.29 295.11 +2.72

2 327.91 323.12 −1.46

3 237.54 240.90 +1.41

4 156.50 159.85 +2.14

5 164.32 166.00 +1.02
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Fig. 8 Behavior of throughput of good parts (a) and yield (b) against different values of restart
point and intermediate switching point, with fixed value of the last switching point

Table 3 Throughput and yield comparison between systems with and without policy

Sub-system thg,old (parts/h) �thg (%) yold (%) �y (%)

1 295.11 +1.57 98.01 +1.62

2 323.12 +1.50 98.24 +1.48

3 240.90 +1.26 98.38 +1.24

4 159.85 +1.09 98.32 +1.15

5 166.00 +1.00 98.47 +1.04

performance indicators strongly decrease as the control points increase, caused by the
higher inventory level. On the other side, the throughput of good parts is negatively
affected by a low value of the control points, causing a consistently low buffer level
and increasing the risk of starvation of the downstream stage due to buffer emptying.

The trade-off between increasing the quality yield and reducing system produc-
tivity highlights the need to search for optimal values of control points that maximize
the throughput of goodparts.Compared to a systemwith no control policy, optimizing
the control points results in an average increase of 1.3% in both performance indica-
tors. This translates to a reduction in the number of reworked wafers by over 80,000
units per year, considering 220 production days. Details on the results in terms of
percentage increase are available in Table 3.

6 Conclusions and Future Research

This work presents a control policy for production capacity modulation of parallel
machines in presence of perishable work in process. The proposed policy aims at
better controlling work in process to minimize scrap. The policy combines switching
points, sequentially deactivating machines as inventory increases, and restart points,
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activatingmachines when inventory goes below a certain value. The policy is formal-
ized by means of event graphs, to provide indications for practical application. The
main requirement in this sense is the availability, in real systems, of technological
solutions to monitor machine state and buffer level.

The policy is integratedwithin an analytical performance evaluationmethod based
on theMarkovian representation ofmachines and continuous approximation ofmate-
rial flow. The proposed method allows exhaustive analysis of the policy impact on
system behavior and performance. Indeed, a multitude of alternative combinations
of system and control parameters can be quickly evaluated to construct response
surfaces. The method provides steady-state estimate of performance indicators,
aiming at a long-term evaluation of the system, and is not suitable for evaluation
of transient periods.

Although the methodology can be easily generalized to systems with arbitrary
number of machines, the main limitation of the model lies in the possible occurrence
of numerical errors as the number of states increases. Further studymust be conducted
to identify solutions to this issue, exploiting state reduction techniques.

Finally, the developed performance evaluation method is adopted for the analysis
of an industrial case study regarding the diffusion stage in semiconductor wafer
fabrication. Results show the benefit obtained with the application of the policy in a
critical stage of manufacturing system, in terms of both quality yield and throughput
of good parts.

Future research includes the adoption of the formalized two-stage system model
as a building block in decomposition-based performance evaluation approaches. This
would allow to evaluate the policy impact in multi-stage manufacturing systems with
arbitrary number of production stages. Furthermore, integration of the performance
evaluation method with optimization methods should be pursued to address complex
control optimization problems.
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Conventional and Innovative Aspects
of Bespoke Metal Implants Production

Paola Ginestra, Antonio Piccininni, and Ali Gökhan Demir

Abstract Advances in Manufacturing of metal implants may offer solutions to
several challenges. Considering the current state of bespoke manufactured implants
alongside clinical and industrial perspectives, this review seeks to illuminate where
key advances are beingmade in a laboratory setting andwhat is being done to translate
them to use in future implants. Especially, additive manufacturing is a core business
in producing customized implants but its application in industrial field is yet to be
fully exploited. On the other side, sheet forming and laser processing are two main
techniques for the fabrication of bespoke metal parts with high dimensional accu-
racy and surface finishing that can be integrated within a functional chain leading
to clinical applications. The exploited processes are here presented, together with a
focus on implant customization strategies and standardization processes, key factors
for the industrialization of custom-built rather than mass-produced devices.

Keywords Additive manufacturing · Laser processing ·Metals · Forming
processes

1 Introduction

The metal implants production allows the direct realization of functional parts with
complex shapes starting from digital models.
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The aim of this work is to describe additive manufacturing (with particular focus
on powder bed techniques), sheet metal forming and laser processing technology,
which in recent years found space in many fields of application, particularly in the
medical field, through the production of metal orthopedic prostheses. Thanks to
powerful equipment and starting from different and newly developed metals, it is
possible to process samples in a short time, at sustainable costs and on measure,
customizing them according to the customer’s requests.

The crucial aspects concerning traditional and innovative manufacturing are
presented in order to understand the context inwhich the present studywas carried out
and to learn the relative theoretical and technical information. This review presents
the main characteristics and advantages of bespoke production in the orthopedic
field, comparing traditional and additive production systems, followed by the current
progresses to tailor the processes for orthopedic metal implant applications. Subse-
quently, the added biomaterials such as 316L stainless steel, titanium-6aluminium-
4vanadium (Ti–6Al–4V) and cobalt-chromium (Co–Cr) were highlighted, exploring
their limits and potential, compared to the materials used in traditional production.

Implants production is nowadays dealing with complication rates caused by
defined key issues especially related to mechanical incompatibility, weak wear and
fatigue properties, long lead time for bespoke implants and infections. An ideal
perspective would take into account: the mechanical mimicking of healthy tissue
properties, the geometrical mimicking of a healthy anatomy, the possibility to custom
building on demand with low lead time, the mechanical mimicking of specific
anatomical districts with a specific focus on wear and fatigues properties and an
antimicrobial aspect.

Typically,metallic implants have beenmanufactured by formative techniques such
as casting, or subtractive methods such as milling or machining. However, the past
decadehas seen increasing interest in using additivemanufacturing techniques aswell
as flexible and versatile sheet metal forming processes, and their potential to enable
novel implant geometries or properties. AdditiveManufacturing (AM) techniques are
those that produce parts from 3D data, by joining of rawmaterials in a layer-by-layer
process. The most used and therefore analyzed powder bed fusion technologies for
the production of metal implants are Selective Laser Melting (SLM) and Electron
Beam Melting (EBM). Innovative sheet metal forming processes, exploiting the
superior elongation achievable by some metallic materials under specific working
conditions or thanks to the local interaction between the blank and a rotating tool,
have been proposed as promising solutions to ensure the level of complexity needed
in an advanced bespoke implant.

Laser based manufacturing processes have been already employed in biomed-
ical implant manufacturing. Laser based manufacturing processes are inherently
adaptable to flexible manufacturing being based on a digital tool itself. Lasers can
be used for surface to bulk processing, to cut or join materials based on CAD/
CAM systems. In particular, laser cutting, and welding are largely employed in mass
produced conventional metallic implants and devices [1, 2]. On the other hand their
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use in customized implants is relatively less explored. Moreover, the use of rela-
tively less explored texturing, polishing, and heat treatment processes can open up
new possibilities for tailored properties for the patient-specific devices [3].

This review seeks to give perspectives on three areas:

1. The research impact that customized manufacturing is having on metal implants
production

2. Current process and industrial challenges for implant metal forming and additive
manufacturing, and the challenges faced to further industrialization

3. Recent advances in literature and their possible future clinical impact.

2 Shape Customization

Metal implants are commonly used in various orthopedic interventions, such as
fracture fixation, spinal instrumentation, joint replacement and bone cancer surgery.
Unlike custom orthopedic implants, standard implants have the advantage of being
less expensive, less time consuming in mass production, greater surgical flexibility
with different sizes and lengths. Traditionally, patients may need to adapt to the fixed
dimensions of standard implants. This may result in sub-optimal adaptation to the
host bones and consequently possible adverse clinical results. Standard traditional
implants may not be able to address reconstructive challenges such as severe bone
deformity or bone loss after implant loosening and bone cancer resection [4].

Traditionally, metal orthopedic implants are produced by subtractive processing,
in which the material is then removed from a solid metal block until it reaches
the desired shape. The other traditional manufacturing method is metal forming.
Mechanical forces are applied to the raw material to give it the desired shape, such
as melting or forging. Currently, most of the commercial activity in orthopedics has
been for standard size implants produced using traditional manufacturing methods.

However, in recent years, with the advent of digital technologies in medical
imaging, computer programming in three-dimensionalmodeling (3D) and computer-
assisted instruments for precise implant placement, interest in using patient-specific
implants for complex orthopedic reconstruction has increased. Bespoke production
has gained popularity in the medical sector and new applications are rapidly evolving
into various orthopedic procedures [5].

The technologies used for customized implants needs to entail a flexible process
that does not require multiple production steps or additional equipment with inven-
tory. Reduces the cost of producing a small batch of complex plants. The implant can
then be customized according to anatomical (patient specific) and surgical (disease
specific) needs using the patient’s medical images, such as computed tomography
(CT) or magnetic resonance imaging (MRI) (Fig. 1).

Patient-specific bespoke implants have the potential to reduce surgical time and
provide superior comfort with faster recovery. Customized implants with porous
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Fig. 1 3D production process of a specific implant in a patient undergoing resection and
reconstruction of scapular tumor [5]

internal structures not only promote osseointegration, but also reduce the misalign-
ment of rigidity between natural bone and implant. It can minimize stress-related
bone resorption and improve the longevity of orthopedic implants. Although porous
materials were clinically useful before the additive manufacturing era, the new tech-
nology allows the integration of porous structures with other geometric complexi-
ties, such as fine surface characteristics, internal porous interconnectivity and non-
porous structures in a single manufacturing process. On the customization aspect, the
comparison between traditional orthopedic implants and AM orthopedic implants is
shown in Table 1 [4].

Although studies have suggested that bespoke metal structures are good engi-
neering structures for bone replacement, not much is available on the results of
the new type of implants, which combine both traditional and innovative production
processes andmethods. Specifically, the lack of demonstrated performance and regu-
latory standards of customized implants are some of the concerns that may prevent
their use in orthopedic practice.

2.1 Clinical Impact

In general, mass-produced implants with conventional methods can effectively serve
most of the patient population. However, when mass-produced implants do not fit
into clinical scenarios, such as bone cancer surgery and severe bone loss in joint
revision surgery, surgeons are forced to adapt implants to the patient’s anatomy by
unnecessary bone removal and other additional surgical procedures to build bone
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Table 1 Comparison between aspects related to the traditional orthopedic implants and AM
orthopedic implants production

Implants manufactured in the traditional
way

Implants realized with additive
manufacturing

Materials –Titanium and cobalt-chromium based
alloys of medical grade

–Like traditional implants

Production
methods

–Subtractive machining: The material is
then removed from a solid block until
the desired shape is achieved, such as
turning, milling, drilling
–Forming: Mechanical forces are
applied to the material to give it the
desired shape, such as bending, casting,
forging, forging, pressing
–Need for design, development and
production of specific tools
–Suitable for mass production
–More mature technology compared to
plants made with additives

–Additive manufacturing is a
process of joining metallic
materials layer by layer to
create objects from the 3D
model data to the construction
of the final plant
–Flexible supply chains as no
specific tools are needed for this
process
–Ideal for both prototyping and
low volume patches (up to one
if needed)

Mechanical
properties

–Cast or forged implants with sufficient
mechanical resistance for load-bearing
orthopedic applications
–Usually better than implants made with
additives

–Better than cast implants and
can approach the strength of
forged implants

Complexity of the
project

–The design must take into account the
manufacturing constraints related to
processing or casting at each stage, so
the design of the plant should not be so
complex and complicated that it cannot
be manufactured

–The freedom to design
complex geometries allows
porous implants and solid parts
to be integrated into a single
plant
–The porous implant must be
open-cell to allow removal of
unmelted metal powder

Porosity –Difficult in machining application
because it is based on a laser that
removes material from a solid part or
from an applied secondary material
–Problems of stress shielding

–The porosity can be integrated
into the design and
manufactured with precision
–Reduce stiffness to fit the
module of the surrounding bone
structure and minimize stress
protection

Osteointegration –Modify the implant surface with
secondary procedures such as porous
surface coating, hydroxyapatite plasma
spray coating

–Interconnected open porous
structures with optimized pore
sizes and porosity

Post-processing
stages

–Milling, finishing, labelling, cleaning
and sterilization

–Like traditional implants

(continued)
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Table 1 (continued)

Implants manufactured in the traditional
way

Implants realized with additive
manufacturing

Plant size –Standardized and approximated to
patient geometry
–Patients adapt to the implant and the
necessary adjustments (bone trimming)
are made during the surgical procedure

–Customize based on bone
defect and patient position
–Appropriate adjustments are
minimal during surgery

Regulatory
requirements

–Regulatory standards are available for
production quality assurance

–Regulatory standards are
currently limited to ensure that
AM plants are safe and effective

Clinical
applications

–Standard implants with different sizes
to serve most of the patient population
–Increased flexibility during surgery
–Long-term clinical evidence is
available to support the fact that
implants are safe and effective

–Restricted to patients as a
one-off implant when a
standard implant cannot meet
the surgical requirements
–Less flexibility during surgery
–Only small series of short-term
cases are available to evaluate
the clinical results of implants

loss. Thanks to the versatility of the design and additive manufacturing, patient-
specific implants can be manufactured to meet the unique geometry of a bone defect
that is not available in the mass-produced form. Therefore, bespoke implants can
reduce operating time in the reconstruction of complex bone defects. It minimizes
the impact that the surgery must have on the surrounding tissue and reduces the
patient’s recovery time after surgery. In addition, newly introduced manufacturing
process could allow the integration of a porous structure into the design at the time
of manufacture. It contrasts with the conventional manufacturing process where the
addition of porosity is a secondary process and is limited to a predetermined structure
with limited shapes and porosity of the designed metal. This is very advantageous in
a complex surgery with varying amounts of bone loss. Customized implants can not
only match the specific bone geometry but can also be optimized in design to match
the microscopic 3D structure with the desired porosity and rigidity in the surgical
sites that are best for internal bone growth and long-term fixation of the implant. To
date, there are few publications on the clinical use of specific implants for patients.
The first series of cases are encouraging in various fields of complex orthopedic
procedures, such as bone cancer surgery, hip revision surgery, spinal implants and
traumatic fracture fixation and reconstruction. The manufacturing technologies that
allow a full customization of the products, can address the reconstructive challenges
that standard series implants cannot provide due to implant size or disease-specific
surgical needs.

In bone sarcoma surgery, tumor resection causes unique bone defects that
often require reconstruction to restore continuity and skeletal function. Specifically
designed metal implants have the great potential to customize restorative needs at
various points in the patient’s skeleton. Patient-specific implants have recently been
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applied for the reconstruction of clavicular, scapular, calcaneal, pelvic and sacral
bone tumors, which have a complex bone geometry and no standard implants for
bone reconstruction are available [6–9].

Advanced bespoke implant design can include virtual biomechanical simulation
using patient-specificmodeling andfinite element analysis to evaluate implant perfor-
mance [8]. It can optimize and modify the design of the system before the actual
realization. It can help surgeons provide the most personalized implant for a single
patient. The use of patient-specific implants requires close collaboration between
orthopedic surgeons and biomedical implant engineers. When planning implants,
engineers must design, based on surgeons’ comments on surgical requirements that
include the surgical approach, the bone defects to be reconstructed, the optimal align-
ment of the implants needed to achieve, the bone fixation sites and the porous implant
for internal bone growth. Therefore, the desired implant geometry can not only be
achieved with one production technology but can be an effective combination of
the mechanical and physical properties required for surgical applications. Effective
collaboration between surgeons and engineers must be established over time and will
improve as technology advances.

2.2 Requirements and Limits of Orhopedic Implants

The surface quality and the pore size of an implant are essential for optimal bone
growth,which has been promotedwith pores in the range 200–400μm[10, 11]. Pores
of 100–350 μm diameter are suitable for cellular colonization and vascularization
[10, 12]. The size range has also facilitated the migration of cells into porous and
promoted bone regeneration [13]. On the other hand, a porous implant with pore size
<100 μm is unfavorable for bone regeneration and leads to the formation of fibrous
tissue or non-mineralized bone tissue, as the pore size of 5–15 μmwas only suitable
for the growth of fibroblasts [14], 70–120 μm for chondrocytes [15]. For internal
bone growth, the minimum interconnected porosity of the implant should be at least
40% for sufficient cell infiltration [16]. High porosity can reduce the rigidity of the
implant and thus the stress shielding of the surrounding bone. Studies have shown
that the Ti–6Al–4V implant gave less stress shielding than traditional samples of the
same size [17]. However, the increased porosity of the implant also compromises
its mechanical properties, which are not optimal for orthopedic applications. The
compression test was conducted on five Ti–6Al–4 V cellular samples manufactured
with EBM [18]. It was found that these Ti–6Al–4 V samples with a porosity of about
66% had a maximum compressive strength of 116 MPa and an elastic modulus of
2.5 GPa, which are comparable to the mechanical properties of human bone [18].
The study showed that Ti–6Al–4 V parts manufactured with controlled internal pore
architecture can meet the functional requirements of orthopedic implants.

Parts of functionally classified materials (FGM) have also been proposed to
address the problem of misalignment of stiffness between host bones and implants
[19, 20]. FGM parts are heterogeneous objects with material composition and
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microstructure that gradually change with the positions within the parts [19, 20].
Instead of homogeneous porosity over the entire structure, the porosity can be func-
tionally graded and varied to match the porosity of the adjacent bones after implanta-
tion. Additive fabrication therefore allows the fabrication of implants with complex
geometries with a gradient of porosity perpendicular to the longitudinal axis of the
implant, which allows the selection of the distribution of properties to obtain the
desired biomechanical functions. Titanium implants with appropriate macro and
porous microstructure have been shown to have intrinsic osteoinductive capacity
without the need for additional osteogenic cells or osteoinductive agents [21, 22].
Another recent study shared these results. Hydroxyapatite (HA) coatings have been
used to stimulate osteogenesiswithout the need for additional osteogenic cells or bone
morphogen proteins (BMP) [21]. The results showed that the HA coating of a porous
titanium implant did not significantly increase osteogenicity and that uncoated tita-
nium implants were also osteoinductive [23]. These implants were then implanted
in the femoral condyle of the sheep. Extensive osteoinductions and osseointegra-
tions (70% bone growth) were observed, confirming the intrinsic capacity of porous
titanium implants produced for bone regeneration [23]. To further accelerate and
improve bone growth, a thin layer of bioactive calcium phosphate can be deposited
on the surface of metal porous implants [24]. Therefore, current studies show that
bespoke production can allow the fabrication of an implant with complex geometries
that adapt to the patient’s bone anatomy and the combination of porous implants for
osseointegration.

Designers and manufacturers must take into account the cleaning requirements of
the installations at the design stage. Partswith porous implants represent amajor chal-
lenge. The pores must be interconnected, open and large enough to allow removal of
metal residual. In addition, the process of cleaning up residual debris and removing
unwanted backing material must be safe and reproducible. Special tools such as
ultrasonic cleaners are available, but ultrasonic cleaning systems and systems are
also available. Although bespoke implants offer great promise due to their ability to
address reconstructive challenges that go beyond the scope of standard implants, there
are some limitations for this emerging technology. The first obstacle to overcome is
the demonstration of clinical performance. Like any other new surgical technology
in the initial introduction phase, the long-term clinical results of using innovative
implants compared to traditional techniques are lacking in orthopedic applications.
It remains to be seen whether the potential recognized benefits of the technology can
translate into better clinical outcomes for patients. Designing and building bespoke
implants requires 3D engineering software and specialized skills that most surgeons
do not have. The high cost of the implant, thanks to the unique and personalized
use, the software and the investment of the machine further hinder the popularity
of the use of the new technology among orthopedic surgeons. Clinical research
is necessary to demonstrate safety, clinical effectiveness and cost-effectiveness for
patients, surgeons and payers alike. Secondly, there are some regulatory concerns
in the design and manufacture of patient-specific implants for clinical applications,
as there are currently limited regulatory standards that do not guarantee safe and
effective customized implants. The design of a patient-specific implant is based on
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the patient’s anatomy and clinically proven designs that meet the user’s needs. Vali-
dation of the results of these installations can only be carried out after their instal-
lation. Prospective studies have limitations because it is not possible to compare
patient-specific implants in different patients. The design of implants and the accu-
racy of the planning process can be validated by comparing postoperative CT with
preoperative design planning. However, this is normally not done due to unnecessary
radiation exposure when capturing CT images. The clinical performance of a patient-
specific implant can only be partially validated by comparing the results of patients
treated with implants with similar design characteristics. Therefore, the current use
of patient-specific implants is limited to patients when a standard implant cannot
meet the surgical requirements. Regulatory considerations should include:

• design control (from design inputs, from the design process to the design output)
in the predictive production phase.

• the raw materials, the technical process to ensure consistency between the
constructions and the post-production quality assurance in the production phase
of the additives.

• cleaning, finishing, biocompatibility and sterilization in the post-additive produc-
tion phase [25]. Since the current workflow of bespoke implants requires various
software and steps from the acquisition of preoperative medical images to the
final realization of the implant, most orthopedic surgeons are not familiar, and it
is not easy to master the process. An integrated and unified IT platform should
be developed to allow easy planning and communication between radiologists,
orthopedic surgeons, engineers and implant companies.

3 Material Needs for Customized Metal Implants

The choice of the different materials for the realization of orthopedic implants by
means of additive manufacturing is a crucial step of the production process. Each of
them has specific characteristics that make it suitable for use in specific areas both
in absolute terms and compared to traditional techniques.

316L stainless steel. This material is low-cost and easily available, making it suit-
able for the medical industry as a biocompatible metal bone implant. Combined with
additive manufacturing, it is suitable for these applications, as implants or prostheses
can be customized with relatively low costs. In mass production, in large volumes,
they allow to obtain economies of scale and, consequently, economic advantages,
compared to traditional production.

Yang et al. studied the optimization of manufacturing accuracy and density of
orthodontic products using a self-developed machine and were able to achieve the
required surface quality and mechanical properties [26]. Li et al. studied the possi-
bility of making parts in 316L stainless steel with gradient porosity where the dense
part is designed for strength and the porous part is designed to improve tissue growth
in biocompatible implants [27]. Bibb et al. reported prosthetic structures with the
same material [28]. Bibb et al. also presented 4 case studies on surgical guides
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Table 2 Tensile forces and
microhardness of AM and
Forging 316L stainless steel
cast

Property AM Forging

Maximum tensile strength (MPa) 480–760 450–818

Yield strength (MPa) 350–640 150–230

Elongation (%) 10–30 50–62

Microhardness (HV) 220–279 133–140

in different maxillo-facial surgeries (jaw and face) [29]. Kruth et al. published on
a biocompatible metal framework for dental prostheses [30] and Wehmoller et al.
reported on bodily cortical bone implants, mandibular canal segment and SLM 316L
stainless steel tubular or support bone structures.

The mechanical properties characterizing this type of material are:

• Resistance and hardness

Steel is often used in many applications due to its strength. It should be noted that the
steel components produced by additive processes are stronger and lessmalleable than
their forged counterparts. The rapid cooling in the AM process results in a refined
microstructure that increases tensile strength with reduced ductility. Table 2 shows
the breaking load, yield strength, elongation and microhardness of 316L stainless
steel parts produced by AM and forging.

• Surface roughness

It is common to achievedifferent roughness values dependingon the techniqueused to
process the material. Post-processing such as sandblasting, shot peening or manual
sanding is often required to achieve a smooth, shiny surface. However, for 316L
stainless steel, Delgado et al. were able to achieve a surface roughness of 5.82 mm
without any further processing [31]. Kruth’s group, which experimented with laser
remelting, was able to achieve surface roughness of up to 2 mm for 316L stainless
steel [30].

Titanium-6Aluminium-4 Vanadium (Ti–6Al–4V). Most research on titanium
and its alloys is guided by its potential application as a body prosthesis due to
its biocompatibility. Ti–6Al–4V are of great interest for their applications in the
aerospace and biomedical industry [31]. This group of metallic materials has been
widely used for various orthopedic implants due to their good biocompatibility,
superior corrosion resistance and high mechanical strength. In addition, they have
high specific strength and elastic modulus closer to the bone than Co–Cr alloys and
stainless steel. Performance requirements for Ti–6Al–4V alloy implants are specified
by ASTM and US FDA standards. Ti–6Al–4V components can be produced with
different microstructures depending on the alloy processing method. For example,
casting, processed ingots and powder metallurgy give three different microstructures
for Ti–6Al–4V.

Research on Ti–6Al–4V body implants has been conducted by several groups.
Lin et al. studied the structure and mechanical properties of an inter-cellular fusion
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cage Ti–6Al–4V [32], Murr et al. focused their attention on the microstructure and
mechanical properties of 3D printed Ti–6Al–4V for biomedical applications [33] and
Warnke et al. conducted cellular experiments and demonstrated that porous implants
Ti–6Al–4V allow total growth of osteoblasts (bone cells) [34].

Table 3 shows the highest tensile strength reported for Ti–6Al–4V, together with
the respective yield and elongation strengths for SLM, EBM and cast parts.

The tensile strength andmicrohardness of the Ti–6Al–4V parts produced by EBM
are lower than the Ti–6Al–4V produced by SLM. This is due to the difference in
the microstructure of the parts produced by the two processes, caused by different
cooling processes.

Cobalt Chromium (Co–Cr). The Co–Cr has been designed by various groups
for implant applications. In terms of hardness, modulus of elasticity and strength,
Ayyildiz et al. concluded that the Co–Cr is especially suitable for dental applications
[35].

Table 4 shows the highest reported tensile strength for the CoCr, together with the
respective yield strength and elongation for the parts produced by SLM and casting.

New materials. Magnesium and its alloys have great potential for orthopedic
applications as they have been shown to be completely bioabsorbable, have mechan-
ical properties aligned to the bone and do not induce any inflammatory response.
In addition, they are also osteo-conductive, promote bone growth and play a role in
cellular attack. Zhang et al. [36] examined the use of magnesium for light weight
applications in biodegradable and bio-resorbable orthopedic implants [36].

There are recent studies that aim to replace Ti–6Al–4V with other titanium-
based alloys. Chlebus et al. have studied the possibility of using Ti–6Al–7Nb for
medical implants as it replaces vanadium with niobium in its chemical composition
and this alloy has greater resistance to corrosion and biotolerance than Ti–6Al–4V.
Further studies on this new titanium alloy have been carried out by Marcu et al. on

Table 3 Tensile forces and microhardness of SLM, EBM and Ti–6Al–4V cast

Property SLM EBM Casting

Maximum tensile strength (MPa) 1250–1267 830–1150 934–1173

Yield strength (MPa) 1110–1125 915–1200 862–999

Elongation (%) 6–7 13–25 6–7

Microhardness (HV) 479–613 358–387 294–360

Table 4 Tensile forces and microhardness of molten SLM, EBM and Co–Cr cast

Property SLM EBM Casting

Maximum tensile strength (MPa) 562–884 960 296–568

Yield strength (MPa) 951–1308 560 296–568

Elongation (%) 10.2–16.4 20 8.0–10.7

Microhardness (HV) 458.3–482.0 325.5 324.0–384.8
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endosseous implants [37]. Szymczyk et al. also examined cultivated cell growth of
Staphylocuccus aureus on Ti–6Al–7Nb implant which demonstrated the potential
of this titanium alloy in this application [38]. The processing of Ti–24Nb–4Zr–8Sn
was examined by Zhang et al. as an improvement over Ti–6Al–4V as it is an alloy of
lower modulus. This results in a greater correspondence of the modules between the
implant and the surrounding bone and therefore have more possibilities to prevent
bone resorption, which causes implant loosening.

Tantalum is a biomaterial with unique mechanical properties. With the designed
porosity, it can achieve an elasticmodulus similar to that of the bone,whichminimizes
the protection from stress [39]. Thijs et al. tested the use of pure tantalum for AM
fabrication and achieved a relative density of 99,6%. The yield strength of AM Ta is
also higher than that of conventional methods [40].

In general, both traditional and AM technologies offer the opportunity to build
cellular lattice structures to achieve the desired designs and porosity levels. However,
there is a limit to which the osteoinductive potential can be increased by increasing
the microporosity as a mechanically stable surface of the material is required to
facilitate new bone formation. In addition, the current plants consist of a single
material, sometimeswith a coating layer, which is essentially uniform in composition
and structure in the longitudinal direction. This leads to consistent properties, such as
strength and biocompatibility throughout the implant. However, a single composition
with a uniform structure cannot meet all the requirements for implants. For specific
bone tissues, such as long bones, they are structurally organized so that the bone
porosity varies from the outer perimeter to the inner section to achieve normal bone
function. In this case, the mechanical strength of the bone gradually decreases from
the external to the internal regions and can therefore be considered as a functional
structure. Therefore, the concept of functionally classified materials (FGM) [41]
and multimaterial processing may be suitable for implants. These parts have the
distinctive characteristic of non-homogeneity with respect to strength properties,
including yield strength, fracture toughness, fatigue and creep behavior.

4 Manufacturing Solutions for Customized Metal Implants

4.1 Additive Manufacturing

AM of metals can be divided in different sub-categories based on the material
charging method: powder bed systems, where materials are added in a layer-by-
layer method, powder fed systems, where materials are added through a nozzle and
wire fed systems, where materials are added unrolling a wire.

Powder bed systems are the most common and are divided based on the power
source and the degree of fusion of the material. The powder bed systems are selec-
tive laser melting (SLM), selective laser sintering (SLS) and electron beam melting
(EBM) [42].
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Selective laser melting and selective laser sintering. An SLM system consists
in a roller, two platforms and a laser. A CAD model of the object is loaded in the
machine, then a software divides the model in cross sectional layers [43]. Once this
process is completed the roller pushes a layer of metallic powder, on the building
platform, then the laser melts the powder following the cross section of the designed
object [45]. Once the layer has been completely melted and solidified the building
platformmoves down, the feeding platform rises, and the roller spreads another layer
of powder (Fig. 2). The laser melts the second layer of powder that will adhere to
the lower layer. The process continues until the object has been built. To detach the
object from the building platform the most common technique is electrical discharge
machining (EDM) in which the part is put in a dielectric liquid and a wire is charged
with a negative electrical potential in relation to the object.When thewire approaches
the work piece the dielectric liquid breaks, an electric current flows through it and
the electrons generate a plasma arc that melts the material.

Once the process is completed the unmelted powder is collected with a vacuum
cleaner to be reused.

The most important printing parameters are laser power, scan speed, layer thick-
ness and hatch spacing, and they play amain role on the properties that the object will
show. Also, to build fully dense parts these parameters must be perfectly combined
because, for example, a high laser power and low scanning speed can result in
extensive material evaporation and in the keyhole effect [44].

Fig. 2 Scheme of the SLM process
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To prevent oxidation, the process is often carried out in Argon or Nitrogen atmo-
sphere. Themost commonmaterials for SLMareCopper, Aluminum, Stainless Steel,
Titanium and Cobalt-Chromium alloys in form of pure or alloyed metal powder.

Selective laser sintering was the first powder bed fusion process to be developed.
It has the same building mechanism of SLM but differs from it by the method used
to merge the powder together, in fact this process does not completely melts the
powder, but it sinters it [42]. Through sintering the powder do not melt but it fuses
together on a molecular level. The energy density of the laser beam is lower than
in SLM, so the final parts are weaker due to the presence of voids. SLS allows the
control of the porosity of the material, porosity that however require a post-treatment
by infiltration to harden the final part [45].

Electron Beam Melting. EBM is similar to SLM, but the powder fusion is
achieved through a very hot electron beam (up to 1000 °C). In order to work prop-
erly, EBMneeds a vacuumenvironment to prevent the collision between the electrons
and the gas molecules, so that the high quality of the beam is maintained [47]. The
electrons are accelerated through two controlled magnetic fields. The beam then is
focused and directed on the building table with magnetic coils. Figure 3 shows a
schematic of the EBM process.

The building of each layer is divided in two stages: the preheating stage and the
melting stage [43]. In the preheating stage the powder is heated up to 40–60% of
the melting temperature with a high speed and high current beam. In the melting

Fig. 3 A figure caption is always placed below the illustration. Short captions are centered, while
long ones are justified. The macro button chooses the correct format automatically
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stage the complete fusion is achieved with a low speed and low current beam. The
preheating of the powder also reduces the residual stresses in the object because the
thermal gradient is lower, making any post processing heat treatment unnecessary.
The main materials for EBM are Titanium, Stainless Steel and Magnesium alloys.

SLM versus EBM. SLM and EBM follow the same procedure to produce the
objects, but the two technologies are very different from each other.

Firstly, the environment of the building chamber is different: SLM works in an
inert gas environment with the building plate at room temperature or at most at
200 °C while EBM works with the powder at 600–1000 °C in a vacuum chamber
[46]. Due to this high temperature the object cannot be removed instantly from the
EBM chamber and has to be left cooling overnight.

Secondly, both the particles and layers sizes differ. SLM particles have a smaller
average dimension varying from 20 up to 60 μm while EBM particles go from 45
to 105 μm. Particle’s geometry must have as close as possible as a spherical shape
to assure a good flowability and homogeneous spread across the building plate. For
SLM, layer thickness should cover the height of few powder particles, so it has a
range between 30 and 100 μm. EBM, instead, usually works with a layer thickness
of 50 μm.

Finally, EBM has a high energy beam with a faster scanning speed that make it
faster in building full dense objects, however the beam has to pass multiple time
on each layer to preheat and melt the material, thus, the sintering time increases.
On the other hand, SLM can be installed with multiple laser sources that work
simultaneously reducing the building time considerably.

Due to all these differences in the processes, the choice of which technology use
in order to build a component must be made based on the material and the final
application. Moreover, due to the lower temperature at which the building is kept,
the SLM components are subjected to a higher cooling rate that produces a finer
microstructure, resulting usually in higher strength but lower ductility of the parts.
Despite that, the high cooling rate is inappropriate to work with brittle materials
because can produce stresses and cracks in the object [47].

SLM offers the opportunity to change the process parameters during the building,
thus the microstructure and the properties of the object can be modified.

EBM has a higher number of process parameters to control, the optimization for a
specific material requires more time resulting in a smaller material choice. Although
this gap can be reduced with an intense work of research, it can be time consuming
and subsequently expensive.

However, these two processes share similar advantages and are actively considered
for the production of orthopedic implants. These advantages include:

• Realization of complex products, innovative shapes, hollow structures and
materials with functional gradient that are not otherwise achievable.

• Efficient approach that reduces production costs and time tomarket for high-value
components.

• Excellent material properties, almost no porosity, possibility to combine different
materials, significant reduction of material waste.
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• Reduction of expensive equipment.

Several studies have also shown that with careful control of mechanical and
surface properties, SLM and EBM offer the possibility of producing implants with
anisotropic biological properties and responses, equal or higher than conventional
plants.

With the advancement of AM technologies, SLM and EBM offer the orthopedic
sector the possibility of mass customizing implants at a lower cost thanks to their
ability to produce parts with complex and intrinsic designs specific to individual
patients.

Despite the advantages of these two processes, they also have limitations, such
as the limited materials that can be processed and the restriction of using only one
material for construction. These limits can be overcome in the near futurewith further
improvements in SLM and EBM systems, such as reducing the spot size of the laser
beam or electron beam for greater accuracy, detailed research on the interaction of
the laser beam or electron beam with powders to minimize powder adhesion.

In conclusion, SLM and EBM have great potential in the field of orthopedic
applications but have not yet been widely adopted due to some of the limitations
mentioned above.

Characteristics of orthopedic implants. Additive manufacturing allows for
unique characteristics of orthopedic implants that cannot be achieved by conventional
manufacturing methods. Conventional methods can address some of the complex
bone geometries but have difficulty in fully adapting to the host bone due to the
mismatch between the microstructure and the mechanical and physical properties.
Additive manufacturing has the advantage of design freedom and flexibility to create
a patient-specific implant. In general, the success of an AM orthopedic implant
depends not only on its physical and mechanical properties, but also on the inte-
gration of interconnected pores in the design that promotes vascularization with an
efficient exchange of nutrients and waste necessary for normal cell proliferation and
differentiation [10]. In this regard, additive manufacturing can customize a plant so
that:

• matches the patient’s bone anatomy and defect using the patient’s bone CT data.
• provides mechanical properties reproducing those of the host bone with sufficient

strength for load-bearing applications and similar elastic modulus to minimize
stress protection and subsequent bone resorption.

• Provide 3D implants with interconnected porosity and pores.

A series of three patients with clavicular, scapular and pelvic bone sarcoma under-
went tumor resection and bone defects were reconstructed with titanium prostheses
made with EBM. With additional clinical action of 21–48 months, all patients had
satisfactory limb functions and no surgical complications were reported, including
discrepancy in limb length, screw loosening and implant rupture. A series of 35
patients underwent resection of a pelvic tumor and reconstruction with AM tumor
prostheses. Since the pelvis is a highly load-bearing area, the porous surface has
been designed and constructed at the implant-bone junction to facilitate bone growth.
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The study concluded that additive production could promote precise coupling and
osseointegration between implants and host bone. TheAMprosthesis for bone defect
reconstruction after pelvic cancer elimination was safe, without further complica-
tions, and gave good functional results in the short term [39]. Therefore, AM tumor
implants can be the ideal option to accurately reconstruct the unique anatomy of any
patient with specific bone defects in bone sarcoma surgery. The plates and screws can
be customized to ensure the initial stability of the implant fixation, while the porous
implant favors the osseointegration of the host bone to ensure the long-term stability
of the implant. In addition, the porosity of the implant can be optimized to reduce the
modulus and rigidity of the implants thatmost closelymatch the bone. It canminimize
plant loosening related to stress protection [6–8]. Recently, AM implants have been
reported as a hip replacement for severe hip deformities. 57 cases of conventional
hip arthroplasty were compared with 17 cases of AM hip arthroplasty. The results
showed that the functional scores of patients in the AM group were better than those
in the conventional group. However, post-operative infection and loosening rates
were higher in the AM group [40]. AM spinal implants have recently been proposed
in the treatment of the upper cervical spine, in complex spinal disorders such as cran-
iocervical junction tumor or complex congenital spinal deformity and resection of
the sacral tumor [4]. The patient-specific fastener allowed the depth and orientation
of the screw path to be determined, based on preoperative 3D planning based on CT
[41]. The implant not only reduced overall operating time, but also improved safety
with a reduced risk of neurovascular injury. Patient-specific implants that combine
vertebral bone defects with incorporated fixation have facilitated surgery, as they
have avoided further complex reconstructions such as the collection of rib or fibular
grafts and the intraoperative modelling of these grafts to adapt them to the defects
[42, 43]. The treatment of complex acetabular fractures and post-traumatic skeletal
deformities and defects can also benefit from this technology. Patient-specific tita-
nium plates have been manufactured with additives that can be customized for both
pelvic shape and type of acetabular fracture [44]. You save the operating time to
shape the standard size plates to the local anatomy, sometimes difficult. AM tita-
nium trellis cages have been used to address the complex problem of segmental bone
loss often associated with post-traumatic limb deformities [45]. The lattice structure
has a reticle for positioning the bone graft to facilitate internal bone growth. Tradi-
tional intramedullary nails or locking plates can also be incorporated into the design
of the lattice cages for stable bone fixation. Therefore, the implants are mechanically
stable with theminimummass that allows an immediate and load-bearingmovement.

4.2 Sheet Forming

The fully customized geometry for the implantable prostheses is necessary to ensure
a perfect coupling with the bone geometry surrounding the damaged region to
be healed: in fact, allowing relative micro-displacement at the bone/implant inter-
face can imply potential sites for localized infections [48]. Therefore, it becomes
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of paramount importance to find technological solutions capable of achieving the
necessary geometrical accuracy. The subtractive manufacturing approaches have
been extensively considered over the past years, but with the rise of new advanced
biomaterials (e.g., the Mg-based alloys) they’ve shown some limitations: notable
vibrations, formation of different-sizes chips, appearance of the built-up edge have
remarkably hindered the use of traditionalmachining processes. Furthermore, intense
wear phenomena, varying loads with a subsequent lack of geometrical accuracy have
been also encountered during the machining of NiTi-based and Ti-based alloys [49].
Overcoming such limitations has paved the way to more performing technological
solutions, as in the case of the forming processes. As an example, a combination of
hot radial shear rolling and rotary forging has been proposed for themanufacturing of
metastable beta Ti–18Zr–14Nb alloy for bone implants [50]. Using the same alloy, an
artificial hip stem was manufactured by hot forging and its static and fatigue perfor-
mance analysed [51]. Despite the promising results, bulk forming processes can
ensure a limited geometrical complexity. Therefore, being the shape complexity one
of the key aspects to be assessed for a fully customized implant, sheet metal forming
processes—in particular, Superplastic Forming (SPF) and Single Point Incremental
Forming—are the most promising solution to meet such a requirement.

Superplastic Forming (SPF). The Superplastic Forming is based on a peculiar
property of some alloys called “superplasticity”. A formal definition of superplas-
ticity was for the first time stated at the International Conference on Superplasticity
in Advanced Materials held in Osaka, Japan, in 1991 (ICSAM-91): “Superplasticity
is the ability of a polycrystalline material to exhibit, in a generally isotropic manner,
very high elongations prior to failure”. The study of the superplasticity has been, and
currently is, facing significant challenges because it represents the base for the devel-
opment and optimization of the industrial SPF process where very complex parts are
formed from superplastic sheet metals for several applications, from automotive to
aerospace and biomedicine. It is widely reported in literature that superplastic flow
can be achieved if: (1) the material is characterized by a very small grain size, smaller
than 10 microns [52, 53] and (2) since superplasticity is a diffusion-based process,
working temperature is at or above half of the absolute melting temperature of the
material [54]. During the SPF process, the tools are heated up at high temperature—
which is usually the one at which the superplastic behaviour is emphasized and
changes according to the material—and, once reached, the blank is inserted between
them and clamped. The blank is basically subjected to the action of a pressurized gas,
whose profile is properly designed to deform the material under an optimal strain
rate [55, 56]. The process is schematically shown in Fig. 4.

The geometry of the prosthesis to be manufactured is defined in a previous step,
mainly based on CAD techniques. In the case of the cranial prostheses, the approach
can be schematized by the workflow in Fig. 5 [57]: the geometry of the prosthesis is
usually defined using several mirroring techniques able to retrieve the implant’s
geometry from the morphology of the sound bone. The workflow is completed
by checking the coupling of the designed geometry with the bone damaged area:
the defined geometry becomes then the output for the design of the manufacturing
process.
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Fig. 4 A schematic overview of the industrial SPF process

Fig. 5 CAD workflow for the definition of the implant geometry [57]
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Whenmoving to the process design, several aspects have to be taken into account:
the SPF is a complex process and, thus, needs the adoption of an accurate method-
ology able to limit the waste of time and money. An approach based on the Finite
Element (FE) simulation has been widely reported as the most promising solution,
especially to calculate the gas presure profile that is one of the unknown quantities.
The construction of a reliable FE model passes through the definition of an accurate
material model to properly describe the behavior in the superplastic regime. One of
the most widely adopted among the several constitutive equations reported in liter-
ature is the power-law proposed by Backofen, that relates the equivalent stress state
with the equivalent strain rate (σ = Cεm) where the strain rate sensitivity index (the
exponent m) is strictly related to the necking behaviour of the alloy. Other formu-
lations have shown good capabilities, as those based on hyperbolic sine law [58] or
as the viscoplastic model proposed by Johnson–Cook that has been adopted to satis-
factorily model the superplastic behavior of a Ti–6Al–4 V alloy [59]. Nevertheless,
as it has been previously underlined, the superplastic behavior is mainly dependent
on the material microstructure: not only an average grain size should be below 10
microns, but it should remain as stable as possible [53]. Since grain growth has
a detrimental effect on the superplastic behavior, researchers have provided more
refined constitutive equations integrating also the kinetics of the grain growth, both
static and dynamic [60]. Regardless of the type and complexity of the constitutive
equations, material’s constants are usually calibrated using data from specific exper-
imental tests: the characterization of superplastic alloys has been initially based on
uniaxial tensile tests [61] and in particular on the strain rate jump tests to evaluate the
strain rate sensitivity index m [62]. Nevertheless, there’s plenty of published papers
underlining that the investigation of the material behavior in a biaxial tension mode,
rather than uniaxial, is more accurate since being closer to what happens during
the industrial superplastic process. Therefore, bulge tests in superplastic conditions
have gained more reliability and are widely [63]. In such tests, circular specimens
are clamped between tools heated up at the test temperature and are deformed under
the action of a pressurized gas. Material’s constants can be eventually calibrated
by means of analytical approaches, as the one proposed by Enikeev [64], or more
advanced techniques such as those relying on the Genetic Algorithms (GA) [65]. In
fact, the calibration of unknownparameters in a constitutive equation can be treated as
an optimization problem: if the experimental setup is completely reproducedwithin a
CAE environment, an error function—describing the discrepancy between the exper-
imental and numerical data—can be easily calculated and subsequently minimized.
It has been also demonstrated that the accuracy of the equation’s constants in repro-
ducing the material behavior is strictly related to the choice of the target data [66].
The characterization of the material’s behavior in superplastic conditions has also
the advantage of identifying the “process window” (mainly in terms of temperature
and applied strain rate) in which the alloy emphasizes its superplastic “attitude”. As
a consequence, the process is designed to respect such a window: in particular, the
gas pressure profile is numerically calculated in order to induce the optimal strain
rate during the forming operations. Once calculated, the process profile is usually
replicated during a set of experimental trials and the predicted geometry (in terms of
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shape accuracy and/or final thickness distribution) is comparedwith the experimental
one to validate the numerical predictions. As for the application of the SPF process
to real case studies, dental fixtures have been documented as the first application of
the superplastic forming for customized implants [67] (Fig. 6).

The achievement of a complex part without any defect becomes possible thanks to
a proper selection of the process parameters: despite being one of the first applications
of the technology for the fabrication of a customized implant, the adoption of a Finite
Element approach has been regarded as an unavoidable step on theway to a successful
manufacturingof a soundcomponent. TheSPFprocess has also proved its capabilities
also in the case of averagely larger implants: remarkable results have been achieved
in the case of customized cranial prostheses. Also in this case, the process design
based on numerical simulation demonstrated its effectiveness. In fact, thanks to (i) a
preliminary extensive material characterization based on bulge tests covering a wide
span of loading conditions and (ii) an accurate Finite Elementmodel, the gas pressure
profile was calculated at different values of the target strain rate target: moreover,
it was demonstrated that the numerical approach could effectively predict the final
distribution of thickness even at different levels of the strain rate target [68]. Figure 7b
shows the clear dependence of the final thickness distribution on the applied strain
rate during forming: when increasing the strain rate to reduce the forming time, the
uniformity of the thickness distribution worsens as a consequence of the lower value
of the strain rate sensitivity index m.

The numerical approach, in addition, gave the possibility to design the whole
process under a different perspective: the uniformity in the final thickness distri-
bution, which is usually considered a good indicator of the overall quality of the
formed component, has to be matched with the minimization of the forming time.
As a consequence, the increase in the applied strain rate to reduce the forming time
overcomes the need of a strictly uniform part to limit as possible the exposure to the
oxygen and the subsequent alloy contamination.

Fig. 6 First application of the SPF on biomedical component: a dental implant at the end of the
forming stage. b internal surface of partial upper denture base [66, 67]
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Fig. 7 SPF applied to cranial prosthesis: a the investigated case study, b numerical vs. experimental
comparison of the final thickness distribution at two strain rate levels [68]

Another important aspect related to the SPF process has to be discussed: the
manufacturing of a fully customized component implies the availability of a single
metallic die for each patient-related case study. Such an aspect, combined with the
longer forming time (if comparedwith amore conventional stamping process),makes
the SPF an extremely costly process. Preliminary investigations regarding the super-
plastic forming of dental fixtures have revealed the promising performance offered by
phosphate bonded investment materials when used for SPF dies [69]. Similar results
were also achieved when using a ceramic insert (fabricated by investment casting) as
an expendable die for the SPF manufacturing of a Mg-based resorbable cheekbone
prosthesis. As a general rule, starting from a pattern obtained by stereolithography
(reporting the geometry of the component to bemanufactured), a flexible resin pattern
replica can be obtained and used for the final casting of the ceramic die [70]. Such a
solution not only allows a sensible reduction of the process-related costs (the SPF die
can be thus composed of a metallic frame and several interchangeable expendable
ceramic inserts) but also makes possible the manufacturing of complex geometries
with undercuts.

Single Point Incremental Forming (SPIF). Single point incremental forming
(SPIF) is considered a relatively-new sheet metal forming process particularly suit-
able for rapid prototyping applications and/or for limited batches of production. A
general scheme of the SPIF process is reported in Fig. 8 [71].

The blankholder is used to clamp and hold in position the metal blanks while it is
deformed by the local action of a rotating single point forming tool whose trajectory
is usually optimized according to the geometry to be manufactured [72]. During the
forming operations, there is no backup die supporting the back surface of the sheet.
Thanks to the excellent formability that can be achieved due to the local contact
between the rotating tool and the blank aswell as the high level of customization, SPIF
has been considered as a suitable solution to overcome the limitations of conventional
processes in the manufacturing of fully customized biomedical implants. The design
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Fig. 8 A schematic view of the SPIF process

and manufacturing of customized implants via SPIF follows a predefined sequence
of steps not too different from the one described for the SPF process (see Fig. 9) [73,
74].

The process begins with the creation of a three-dimensional CAD model, usually
generated by a reverse approach based on acquisition and modeling operations.
Digital data is generally obtained from a scan of the patient’s physical model or
from CT and MRI scanners. Resulting clouds of data are then processed in a CAD
environment software and converted into surfaces or 3D shapes. The 3D model

Fig. 9 The predefined sequence of steps for the SPIF process design [Characterisation of geomet-
rical and physical properties of a stainless steel denture framework manufactured by single-point
incremental forming, JMR&T Milutinovic 2021]
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is then imported in a CAD/CAM environment where several processing strategies
are analyzed in terms of accuracy and formability of the parts, surface quality and
processing time [75, 76]. A dedicated framework has been proposed to optimize
to tool’s path using a network analysis methodology based on topological concep-
tual graphs to capture the effects of different phenomena on the final accuracy of
a sheet metal part manufactured by SPIF [77]. The feasibility of the optimized
tool’s path is then checked during the process design based on numerical simula-
tion: also in this case, the approach based on an accurate Finite Element model is
of paramount importance to reduce as possible the waste of time and material. As
also underlined in the previous section, the accuracy of the numerical prediction is
strictly related to the capability of the constitutive equation to effectively reproduce
the material behavior. Several researchers report the satisfactory results obtained
by implementing the constitutive model proposed by Johnson and Cook to numeri-
cally design the manufacturing of a dental prosthesis [78] and an artificial hip joint
component [79].

The big advantage coming from the numerical simulation has led to a more
performing process design in which the critical aspects related to the material defor-
mation can be easily identifiedwithout excessivelywasting time andmaterial: in such
a way, the flexibility of the process has led to the correct manufacturing of several
customized implants for maxillofacial, denture and cranial applications (Fig. 10).

4.3 Laser Processing

Laser basedmanufacturing processes are extensively employed in the manufacturing
of biomedical implants. The laser beam being flexible tool in terms of its spatial and
temporal control allows to interact with the material in different ways providing the
means to heat up, melt, vaporize, or ablate. Such phenomena have been used for
cutting, engraving, annealing, and welding purposes. A laser process for biomedical
implant manufacturing can be essentially designed by selecting the appropriate laser
source determining its wavelength, emission type, and beam size alongwith the beam
handling means. The laser process is directly adaptable to CAD/CAM systems facil-
itating a direct integration. Moreover the processes are inherently open to real time
process monitoring especially via the use of optical monitoring methods rendering
them directly adaptable to the Industry 4.0 applications. Laser based manufacturing
processes in the biomedical field are often related to the micromachining processes.
A highly focused laser beamwith dimensions typically between 10μm and 50μm is
used. Commonly pulsed wave (PW) lasers are employed, where the pulse duration is
chosen from ms level down to fs depending on the type of laser-material interaction
required. In terms of a generic categorization ms to μs pulse durations are suited to
melting based welding and cutting applications, ns pulses are suited to marking and
cutting, while the ps to fs pulsed ultrafast systems have been used extensively from
cutting to texturing applications. Beyond the previously described use of lasers in
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Fig. 10 SPIF in biomedical applications: a and b customized maxillofacial implant [80]; c and
d maxillary denture base plate [73]; e and f cranial implant for in-vivo test [81]

additive manufacturing, laser based manufacturing processes are used convention-
ally in the manufacturing of stents, pace makers, catheters, and packaging of devices.
While such processes are aimed to produce large production lots, the lasers indeed
open to several possibilities in terms of personalized implant manufacturing. In the
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following paragraphs some of the most suitable techniques for personalization and
functionalization of biomedical implants are summarized.

Laser microcutting of prototype devices. Laser microcutting is carried out both
by means of a proximity processing head that blows the process gas on the cut region
or a remote processing head based on a galvanometric scanner. Laser microcutting
is widely employed in the cutting microtubes 1–5 mm diameter and 0.05–0.25 mm
in thickness for the manufacturing of metallic and polymeric stents. The use of a
CAD/CAM system provides ease of switching between different designs rapidly. In
terms of testing new device models or novel material types a common bottleneck
is the production of dedicated microtubes. Flat precursors such as thin sheets are
relatively easier to manufacture. Laser cutting of such precursors in proximity or
remote configurations can open up to new possibilities. Recent studies showed the
use of laser microcutting of flat sheets to produce foldable/expandable devices. Such
designs are often inspired by origami/kirigami providing new dimensions to the
flat precursor by cutting, folding, or expansion. Figure 11 shows the concept of an
expandable stent after laser cutting of a flat sheet. The design relies on the cutting of
a specific design, which allows the passage of a guide wire and a ballooned catheter
to expand towards a 3D shape. The final results is a tubular structure after expansion.
The approach is exploitable for the testing of new alloys used in metallic stents.

Laser precision welding and heat treatment. Laser welding is highly flex-
ible in terms of materials, thicknesses, and joint configurations. The process can
be adapted to keyhole or conduction mode processing and used in both autogenous
condition or with filler material. Laser welding is widely exploited in the biomedical
device manufacturing [2]. The advantage of the technology regarding personalized
implants regards the need to adapt to patient specific geometries freely. The applied
weld patterns can be varied from single spots to intricate joint designs following the
geometry of the implant. The process can be also adapted toweld dissimilarmaterials
where required [84]. The limited heat affected zone also provides a strong advan-
tage against local corrosion. Laser heat treatment can be seen as an extension of the
welding process and potentially applied with the same laser system concerning the
biomedical implants. The use of a laser for heat treatments in biomedical implants

Fig. 11 a Concept of an expandable stent after the laser cutting of a flat sheet [82]. b Example of
an inflated stent mesh in AZ31 Mg alloy [83]
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can provide locally improved strength, toughness, or anti-wear behavior. An impor-
tant application regards the use of laser heat treatment for annealing and shape setting
shape memory alloys. The use of lasers can provide customized implant geometry
starting fromwire feedstocks adapted to the patient geometry freely without the need
for complex shape setting dies used for furnace heating [85, 86].

Laser surface functionalization via geometrical and chemical modifications.
Laser based surface treatments have been widely explored in many applications and
in particular for biomedical implants. While most of the research regards their use
in the modification of the entire implant their use can open up new possibilities in
bespoke implant production. As a matter of fact the surface of the implant can also
be personalized. Such personalization can be carried out on the entire surface of the
implant or locally depending on the requirements [87]. The advantage of laser based
treatments relies on the possibility to adapt the region of the treatment on patient’s
anatomical requirements in a flexible manner compared to bulk processing tech-
nologies. Concerning surface functionalization treatments lasers can achieve prin-
cipally geometrical and/or chemical modifications. One of the most widely studied
methods regards the variation of themicrotopography of the biomedical devices via a
direct writing approach (see Fig. 12). Laser surface texturing (LST) has been widely
studied employing surface features (eg. dimples, lines, grooves) [88]. Such features
can help modify or improve the interaction with the surrounding environment that
encompasses both the living tissue but also possible coating applications. LST can
improve the cell adhesion, biocompatibility but also can improve the adhesion of a
surface coating, reduce the friction during implantation, and control biodegradation
processes [89]. While the direct writing based approaches approach dimensional
limits in the proximity of a few μm, novel methods such as direct laser interfer-
ence patterning (DLIP) and laser induced periodic surface structures (LIPSS) can
generate sub-micrometric structures beyond the diffraction limit of the laser beam
(see Fig. 13) [90, 91].

The use of a laser beam for surface modifications may involve also the reduction
of surface asperities (see Fig. 14). Laser micropolishing is a process that generates
a very shallow remolten layer that solidifies rapidly filling in surface asperities that
are derived from the previous manufacturing processes (see Fig. 3) [92]. The laser

Fig. 12 Laser surface texturing of a stent mesh [95]
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Fig. 13 Submicrometric
laser texturing by direct laser
interference patterning on
AZ31 Mg alloy [96]

Fig. 14 Laser
micropolishing of AISI 304
stainless steel showing the
transition from untreated to
the laser treated flat region
[97]

micropolishing technique has been shown to reduce the surface roughness to less
than Ra = 0.5 μm. Such surface features can be exploited to modulate the wetting
behaviour, while antibacterial properties have also been found to be effective [93].
Lasers can also modify the surface chemistry without inducing geometrical changes.
The use of localized laser oxidation of Ti-alloys and stainless steels is an approach
that is already exploited for the permanent marking of biomedical devices. It has
been shown that laser based surface heating can allow to enrich the surface with O
and N that can be regulated to improve biocompatibility [94].

5 Standardization

5.1 Mechanical Characterization of 3D Printed Samples

Performances Considering the overarching context of orthopedic application, the
compression test is the most used to characterize these structures but in the last few
years, tensile, fatigue and bending tests have been carried out to broaden the knowl-
edge of lattices mechanical response. The test standards followed for the characteri-
zation of AM specimens are related to the standard applied to traditionally processed
metals. The compression test is, for example, usually carried out following the ISO
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13314 (related to compression tests for porous and cellular metals) that, although
it is not specific for additively manufactured samples [27, 27, 27], provides good
indications on which parameters to use during the test. For other characterization
tests, there is not a specific standard for additively manufactured samples. In the
absence of a specific international standard regarding the mechanical characteriza-
tion of these structures, the researchers need to point outwhich are themethodologies,
instrumentations and parameters most used by the researchers around the world to
provide a possible useful guideline for further developments in design, evaluation
and applications of metal AM.

5.2 Biomedical Certification

European regulation for medical device follow several ISO’s:
ISO 13485, which specifies requirements for a quality management system

(QMS), where an organization with the ability to providemedical devices and related
services that consistently meet customer and applicable regulatory requirements.
Such organizations can be involved in one ormore stages of a 3D-printed implant life-
cycle, including design, development, production, storage, distribution, installation,
and servicing of a medical device, and more.

ISO 11737–1:2018 sterilization of health care products:
Microbiological methods—Part 1: Determination of a population of microor-

ganisms on products. This specifies requirements and guides the enumeration and
microbial characterization of the population of viable microorganisms on or in a
health care product, component, raw material, or package.

ISO 11737—2009 Sterilization of medical devices—Microbiological methods—
Part 2: Tests of sterility performed in the definition, validation, and maintenance of
a sterilization process. This document specifies requirements and test methods for
materials, preformed sterile barrier systems, sterile barrier systems, and packaging
systems that are intended tomaintain sterility of terminally sterilizedmedical devices
until the point of use.

ISO 11607—2019 regulates the packaging for terminally sterilized medical
devices part I: requirements for materials, sterile barrier systems and packaging
systems, shelf life.

The European Union considers 3D-printed implants a custom-made medical
device under the old 93/42/CE Directive (MDD 93/24/CE). However, the new
Medical Device Regulation MDR (EU) 2017/745 states that 3D printed implants
are not considered custommade medical devices under the CEmark. It also says that
these devices should still follow all the directives according to their risk classifica-
tion. A bone substitute was considered as class IIB previously, but they were forced
to change to class III because they were resorbable, and this would cause changes in
the body.

It is common to see some of the 3D-printed implants being sterilized in an
autoclave. However, an autoclave is not an authorized sterilization system for an
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implantable medical device. 3D printed implants open new problems during the
manufacturingofmedical devices because until now, the productwas already certified
by the supplier. 3D printing implant companies should develop GMP (good manage-
ment practices) to avoid contamination of the product. Such GMP includes dedicated
machines, clean rooms, and consistent internal analysis to ensure the purity of the
core of the device. Cleaning of the surface should be done in dedicated cleanrooms,
and analysis should confirm your process has no biological or physical contamina-
tion. Finally, using certified blisters and controlled sterilization either by ETO or
gamma radiation.

5.3 Definition of New Pre-clinical Protocols

The certification protocols, in general, should be also completed by accurate infor-
mation regarding the prosthesis’s load-bearing capacity. Such an aspect is detailed
and regulated by dedicated ISO standards: as an example, the ISO 10328:2016 [98]
reports all the limit loads—both static and dynamic—that a lower limb implant must
respect. On the other hand, when focussing on the other type of implants, the lack
of harmonized standards moves the attention on the definition of new testing proto-
cols taking into account several loading conditions. Most of the researches available
in literature underlines the paramount importance of certificating the strength of
cranial implants when subjected to impact an loading, thus reproducing undesired/
unexpected situations like accidents, falls [99] or sport-related events [100]. More in
details, accurate experimental conditions have been proposed to physically simulate
the impact at a velocity from 3.5 m/s to 7 m/s that represent the loading conditions
related to a fall from bed or in the case of a bicycle impact (Fig. 15).

Even more challenging is the definition of a pre-clinical protocol when sport-
related events are accounted for: the damage caused by a cricket ball directed at
a speed of 110 km/h on a 3D printed head model has been experimentally and
numerically investigated, highlighting the remarkable level of the equivalent von
Mises stress concentrated in the brain region close to the impact [103] (Fig. 16).

The provided examples can be considered valid alternatives for the exact definition
of the loading conditions to be tested in a pre-clinical protocol. Nevertheless, there is
a lack of information regarding the same impact loading condition on demonstrative
head model on which a customized prosthesis has been already anchored on. The
drop test tower has been recently proposed (Fig. 17) as a valid solution to evaluate the
strength level of cranial prosthesis when subjected to impact load conditions [104].

As shown in Fig. 17, a customized cranial implant was anchored on a purposely-
made PMMA support reproducing the upper portion of a defected skull. When
subjected to an impact load condition using a drop-test tower machine, no implant
failure has been detected after the impact. Moreover, the drop-test results have also
suggested that the maximum implant deflection (as a result of the impact) is strictly
related to the blank thickness in the region of the impact. Such a consideration opens
a new perspective on the design of customized prosthesis: in fact, beside ensuring the
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Fig. 15 Definition of representative set-up to investigate impact loading on skull in the case of a
fall from bed [101] (a) or a bicycle accident [102] (b)

Fig. 16 Definition of a pre-clinical protocol for sport-related accidental events: a FE model of the
impact, b equivalent von Mises stress on the brain region close to the impact, c high speed camera
acquisition

aesthetical requirements (perfect fit with the surrounding bone), the manufacturing
process can be designed and optimized to satisfy specific target requirements in terms
of implant’s strength. Therefore, in the case of the SPF, the applied strain rate can be
tailored in order to ensure a higher thickness in the blank region where the impact is
more likely to occur, so that a higher indentation resistance can be obtained. As for
the SPIF, the same results can be obtained if the tool’s path is optimized to obtain
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Fig. 17 Definition of a pre-clinical protocol based on impact loading using a drop test tower

a thicker final blank in the region of a possible impact. Such an approach, recently
documented in literature [105], can remarkably improve the conventional prosthesis
design that is mostly based on geometrical and process feasibility issues. Moreover,
the versatility of tailoring the impact performance according to the post-forming
properties of a customized implant can be ideally applied to any type of implant for
any patient’s anatomy, thus representing a powerful tool for a more robust design
and a higher level of customisation of medical prostheses.

6 Conclusions

• Manufacturing of bespoke metal implants has the potential to alter how implants
are not only manufactured, but the clinical approach to metallic implants and their
functionality

• This has been demonstrated in patient specific implants, and in lab settings, but
so far the forays into mass-market implants have been limited in impact.

• Alongside bringing lab research to industrial viability, there needs to be a
concerted effort to translate advances made in other high specification industries
(e.g. aerospace) into the medical supply chain.

In addition to being anatomically adapted to the patient’s anatomical and surgical
needs, bespoke implants can incorporate porous scaffolds and solid components
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into a single monoblock with reduced implant rigidity and facilitate osseointegra-
tion. With the advancement of technologies, you are now able to directly manufac-
ture fully functional parts. In particular, additive manufacturing, sheet forming and
laser processing offer the orthopedic sector the possibility of mass customization of
implants at a lower cost thanks to their ability to produce parts with complex and
intrinsic designs specific to individual patients. A long-lasting plant can be achieved
by selecting the optimal combination of surface roughness, pore size and porosity,
values that can be achieved through a careful selection of the machining parameters.

The key challenges and future directions of customizing technologies are as
follows:

• A comprehensive and reliable database containing detailed information on the
mechanical and biological properties of human bones has yet to be created. This
database should include bone properties for different ages, gender groups and
in different locations. This information is necessary as a “target” of the design
process of optimization of the topology.

• The long-term biological performance of metal implants designed through
topology optimization techniques must be rigorously evaluated in order to ascer-
tain the advantages and disadvantages of such implants. There is a lack of detailed
studies on long-term performance based on aspects of fracture mechanics. The
occurring time of the implant’s failure is another cause of concern. Because revi-
sion surgery after implant failure creates many unnecessary discomforts and pain
for the patient.

• Material research. New alloy systems capable of improving the mechanical and
biological performance of porous metal implants are in great demand, along with
new post-treatment technologies to improve bioactivity and biocompatibility.
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Abstract The ever-growing demand for electric vehicles in the world and Europe
will result in a significant socio-economical change. The electrification changes
the material types, usage, manufacturing, and vehicle design. The contemporary
electric drives are being used in various vehicles, such as automobiles, drones,
trains, airplanes, and ships. These vehicles will require a lower weight, an extended
maximum range, and faster recharging as the number of vehicles in use increases.
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Compared to vehicles powered with combustion engines, fewer components will be
placed with increased demand in flexible welding, heat treatment, cutting, trimming,
and texturing applications. The need for rapid changes in the vehicle models and the
variety of componentswill be resolved through highly digitalized, flexible, adaptable,
and reliable manufacturing processes. From this point of view, laser-based manufac-
turing is an essential solution, placing this family of processes as the conventional
method in electric vehicle manufacturing. Today, lasers are used in various appli-
cations, such as hairpin stripping and welding, cutting and texturing of Lithium-ion
electrodes, welding of battery busbars, and cutting of composite materials. The rapid
reduction of the costs of laser sources, optics, and components in the last decade
facilitated the adoption of laser systems in electric vehicle manufacturing. Although
laser technology has reached the required maturity, the system developers and the
end-users still need to catch up with the pace of the growing demand in electric
vehicle manufacturing. This white paper highlights the challenges and opportu-
nities regarding the main laser-based manufacturing processes for electric vehicle
production.

Keywords E-mobility · Lithium-ion battery · Electric drive · Battery modules ·
Welding · Cutting · Texturing · Digital tool · Industry 4.0

1 Introduction

Owing to the direct correlation between fuel consumption and the amount of CO2 and
other greenhouse gas emissions directly linkedwith the climate change phenomenon,
the automotive industry has been focusing on alternative drivetrains [1]. In order
to reach this goal, a significantly increased share of electric vehicles (EVs) and
hybrid-electric vehicles (HEVs) is required. As a matter of fact, by 2025, one in
every four new cars worldwide will have an electricfied powertrain. By as early
as 2030, one in every two new vehicles worldwide is foreseen to be electrically
propelled. It is forecasted that by 2040 the e-mobility will see a climax with up
to 54% of car sales and 33% of the global car fleet being electric [2]. However,
changing over to electromobility (e-mobility) signifies a radical transformation of
production technology. The increasing dynamic in the electrification of vehicles and
drive technology will require flexible manufacturing processes able to adapt to the
new models to produce reliable and affordable electric vehicles in large volumes.

The fast-growing market of electric vehicles (EVs) comprises hybrid electric
vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and full electric vehi-
cles (full-EVs). While automotive leads the global change over the electrification in
mobility, several other vehicle types, such as air taxis, drones, trains, motorcycles,
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and ships, must be produced using novel manufacturing solutions. Several estab-
lished vehicle manufacturers and new brands are facing similar difficulties related to
the lack of experience in the manufacturing technologies to be adopted [3].

In particular, introducing new key components into automotive mass production
leads to fundamental changes in the established supply chain. It must be consid-
ered that these new challenges, required to be in pace with the ongoing revolution,
overburden the known great efforts necessary in the automotive business in terms of
speed and competitiveness. The individual mobility concepts of the near future will
be a combination of progressively smaller internal combustion engines and electric
drives [4]. Figure 1 shows the global electric automobile manufacturing sites and the
related brands. Figure 2 illustrates the laser source manufacturers around the globe.
The similar global distribution of electric car and laser source manufacturers also
exhibits that the automotive industry is amongst the main users of industrial laser
sources.While the availability of laser systems increases and the costs per power unit
are reduced, the integration of laser sources in automotive and other vehiclemanufac-
turing industries broadens. As a matter of fact, the novel electric vehicles have fewer
components in the traction system with more assemblies by welding, an increased
number of material thicknesses (0.01–5 mm), and types (Cu-, Al-, Mg-alloys, steel,
and composite materials) recalling flexible and digital manufacturing tools. In a
conventional power train of a car powered by an internal combustion engine, the
number of weld seams surpasses 30 with a total weld length of 0.1 m. In comparison,
in an electric power train, the total number of welds can exceed 1200 with a total
length up to 20 m [5]. Accordingly, several parts in traction and battery systems
are designed and developed with laser-based manufacturing processes in mind. For
instance, the total weld length produced by laser beamwelding on the BMW iX body
and power train exceeds 50 m [6].

Fig. 1 Global distribution and residence of hybrid electric/electric car manufacturers
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Fig. 2 Global distribution of the industrial laser source and component manufacturers

While the global demand for electric vehicles increases so does the demand for
laser systems in manufacturing along with the technological know-how. Laser-based
manufacturing finds itself in the heart of the fast-growing electromobility sector,
where process knowledge and trained personnel can become an enabler or a bottle-
neck. The need for a collaborative network for e-mobility manufacturing in Europe
andworldwide becomes evident from this perspective. TheLaserEMobility section of
AITeM—ItalianManufacturingAssociationwas formed to fulfill this knowledge gap
as an international collaborative group. The present document aims to overview laser-
based manufacturing processes used in some of the most important EV components,
underlining challenges and opportunities. The document collates wide laser-based
manufacturing literature providing insights into how the laser-material interaction
can be manipulated for novel manufacturing needs, as well as reporting the most
recent works from academia and industry. Finally, the white paper proposes open
questions, which were found to be relevant through a panel of experts during the
LaserEMobility Workshop 2022 held in Bologna, Italy between 10th and 11th March
2022.

2 Laser-Based Manufacturing in Electric Vehicles
Production

2.1 Laser systems as Digital Manufacturing Tools

Laser radiation provides differentmaterial interactionmechanisms that can transform
and transport material for industrial manufacturing means. Such mechanisms can be
manipulated to heat,melt, evaporate, or ablate thematerial.Different processes can be
achieved with the correct choice of laser wavelength and by controlling the temporal
and spatial behavior of the laser emission. Laser-based manufacturing processes,
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such as welding, cutting, heat treatments, and ablation-based material removal, has
been long applied, especially in the automotive industry. Conventionally, laser-based
manufacturing processes have been used to improve the quality and productivity
of state-of-the-art production chains. In electric vehicle production, several compo-
nents are designed with laser-based manufacturing processes as the main tool. The
laser component manufacturers provide a wide palette with various wavelengths,
power, and beam quality ranges highly exploitable in electric vehicle manufacturing.
As a matter of fact, the rise of electrification in the mobility industry comes at a
moment of maturity for the industrial laser industry. The solid-state high brilliance
fiber and disc lasers have proven to be the stable workhorse for many industrial appli-
cations. Diode and CO2 laser systems have improved stability and power ranges,
while Nd:YAG laser sources have reliable applications, especially in ablation-based
applications.

An EV, compared to a vehicle with an internal combustion engine, has fewer
parts, more welded joints, and a wider use of different metals and non-metal mate-
rials together. The fast-changing vehicle designs require a rapid adaptation of the
manufacturing methods. Hence, using a laser-based manufacturing tool to join,
separate, or modify the components of an electric vehicle is a perfect match. The
laser industry provides several options for more flexible manipulation of the digital
tool for previously unused wavelengths and beam shapes. The main advantages of
applying contemporary laser sources for manufacturing in the e-mobility sector are
summarized in the following:

• Material variety: Laser wavelengths, power ranges, and beam sizes can be oppor-
tunely selected to process some of the most widely used metallic and poly-
meric materials as well as their combinations in electric vehicles (e.g., copper,
aluminium, steel, PMMA, or PEEK). Through temporal and spatial beam manip-
ulation, non-linear absorption mechanisms can be exploited to process materials
that are transparent or reflective to the laser wavelength.

• Robustness and reliability: Contemporary laser sources maintain their power
levels and beam quality in very tight ranges throughout their lifetime. Most of the
laser sources and beam deflection units are equipped with sensors able to carry out
self-diagnostics, signaling issues in the event of their occurrence. Such features
enhance the precision and the repeatability of the processes.

• Adaptability: The laser sources are often coupled to beam deflection units, carte-
sian axes, or robots. All combinations provide a quick adaptation to new forms,
geometries, and materials to be processed.

• Addressability: The contemporary laser sources are optoelectronic devices that are
rapidly controlled via electronic signals synchronizing laser emission and beam
motion. The fast addressability of the lasers allows manipulating the process
parameters on the same component to be produced.

• Compactness and efficiency: Contemporary laser sources have a small footprint
allowing them to be integrated to the system of a station within the production
line easily. The solid-state laser sources provide energy conversion efficiencies
toward 50% rendering these solutions more eco-friendly.
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• Monitoring and control: The laser manufacturing processes provide direct inte-
gration with inline monitoring and control means. Laser systems can be easily
synchronized with process monitoring sensors by embedding them in a digital
platform, and feedback control schemes can be opportunely developed. All of
the mentioned advantages of contemporary lasers also provide more reliable and
easier integration of monitoring and control strategies.

2.2 Overview of the Studies on Electric Vehicle
Manufacturing

In an EV, several components require the use of laser manufacturing tools. Figure 3
shows some of themain components that are processed by laser-basedmanufacturing
methods. These main components can be categorized most generically as follows:

1. Traction systems that are composed of the electric drive and the transmission
components

2. Energy storage systems that are mainly battery modules or fuel cell systems
3. Lightweight structural components that are often made of lightweight alloys or

composite materials

While the pull for the laser-based manufacturing methods from the e-vehicle
industries increases, the number of academic works around this theme also rises. In
order to have a general view of the literature trends, an analysis based on keywords
was carried out on the Scopus database. As displayed in Fig. 4, some of the main

Fig. 3 Overview of components in an electric vehicle where laser-based manufacturing processes
are established
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keywords regarding e-mobility and their combination were searched. As a starting
point, the “e-mobility” keyword was searched along with its alternatives (electric
mobility, e-vehicle, electric vehicle). As shown in Fig. 4, a consistent exponential
increase of published works is present since 1990. The largest fraction of these
works regards the e-drives, then batteries, followed by fuel cells. The intersection
of e-mobility with lasers remains a smaller fraction, where a constant growth is
visible after 2002. The interest in manufacturing processes, namely welding, cutting,
and ablation, has appeared from 2010 onward. It can be argued that such a rise
in the manufacturing works coincides with the wider use of high-brilliance solid-
state fiber and disc lasers in the industry as well as the increased demand for EVs.
Despite the significant growth, the relatively smaller number of works may also
signal the need to improve the knowledge base of laser-based manufacturing in the
e-mobility field. Indeed, research communities have long beenworking on combining
laser wavelengths and materials similar to what is used in e-mobility applications.
These works provide the theoretical basis for the development of new applications.
Moreover, the use of newer laser systems requires benchmarking works that are
currently lacking in the literature. In the following sections, some of the key laser-
based manufacturing applications are defined, referring to the literature both from
the theoretical basis and the novel application perspectives.

Fig. 4 Overview of published works in literature over the years with respect to the main research
themes in laser-based manufacturing for e-mobility; data based on Scopus (last access on 18 July
2022)
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2.3 Laser-Based Manufacturing for Lithium-Ion Battery
Systems

Battery cells for automotive applications are distinguished by a hierarchical structure
presented in Fig. 5 and described below [7, 8]:

• Cell level: The cell is the “basic” part of the battery system, consisting of a
prismatic, pouch-encased, or cylindrical geometry. Internally, a series of foils
(often made of copper and aluminum) coated with active chemical components
make up a cell. These foils are separated from each other by a dielectric sepa-
rator and submerged in an electrolyte. The battery cathode is made by electri-
cally connecting all aluminum foils, while the anode is formed by joining the
copper foils.

• Module level: A module is made up of numerous cells of the same geometry that
are connected in series and/or parallel. Although this sub-assembly has a higher

Fig. 5 Cell,module, and pack types in different cell formats used in battery electric vehicles (BEVs)
[7, 8]
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voltage and capacity than a single cell, it is typically not regarded as the complete
battery assembly.

• Pack level: Severalmodules are connected in series and/or parallel to set the pack’s
final voltage, capacity, and general shape.

Finally, to enable monitoring and management of all parameters involved in the
operating life of the battery, all modules are capsuled in a housing constructed of
sheet metal or another material and combined with sensors and controls.

Electrode processing

Cutting: The separation of electrode material is a well-established process in
the production chain for lithium-ion batteries [9]. Several process variants exist,
depending on the cell format to be produced. For the production of cylindrical cells,
e.g., 18,650 cells or 21,700 cells, a slitting process is necessary to generate electrode
strips from an electrode coil. These are subsequently winded to produce electrode
rolls. For the slitting process, mainly mechanical roll knives are used. For prismatic
cells, notching is the most common process, which is the shaping of the current
collector foil to create current collector flags. After flat-winding the electrode strips,
these current collector flags are welded to obtain an electrical connection between the
electrodes. A complete contour cut along the electrode circumference is necessary
if a cell stack for pouch cells shall be fabricated from discrete electrodes. Among
the presented process variants, this is the most challenging as a tri-layer of a current
collector in between two electrode coatings needs to be processed.Usually, aluminum
and copper current collector foils with thicknesses between 6 and 16 µm are used
for the cathode and the anode, respectively. The coating thicknesses range between
40 and 120 µm depending on the chosen cell design. Laser cutting is an alterna-
tive to mechanical cutting processes, fine blanking, for instance, which has gained
more interest in the last years and is increasingly becoming the industrial standard
for notching and contour cutting [10–12]. The advantages of laser cutting are the
geometric flexibility and the non-contact working principle, which prevents tool
wear. A challenge is the relatively high investment costs, which require carefully
selecting the system components, including the laser sources, the scanning unit,
and the sensor systems. Furthermore, high cutting speeds of more than 1 ms−1 are
required to compete with fine blanking, where the processing speed is independent
of the electrode circumference. Additionally, the quality of the cut edge must be
maintained when scaling the process. Important quality characteristics are the heat-
affected zone (HAZ) around the cutting kerf, particle and spatter contamination, as
well as burr formation [13]. Figure 6 illustrates the most important quality criteria
for laser cutting of electrodes using a graphite anode scheme.

Commonly, infrared nanosecond-pulsed laser sources with average powers of
more than 200 W are used for the laser separation of electrodes in industrial cell
production. These laser sources show the advantages of a comparably low heat
impact, competitive cutting speeds, and reasonable cost. In academia, continuous
wave [13–15] and ultrashort-pulsed [13, 16, 17] laser sources have also been tested.
While ultrashort-pulsed laser processes do not allow high cutting speeds, continuous
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Fig. 6 Schematic
representation of quality
criteria concerning laser
cutting of electrodes;
particles (a), spatters (b),
burrs (c), clearance width wc
(d), chamfer width (e),
unequal ablation of the upper
and the lower layer (f),
heat-affected zone (HAZ)
(g) [13]

wave and short-pulsed lasers have been shown to fulfill the throughput requirements
with cutting velocities of up to 10ms−1 [13–15]. Thereby, amulti-pass strategy based
on ablation cutting by subsequent scan cycles can result in an improved cutting quality
[13, 14]. Different approaches address the insufficient cutting speeds, while main-
taining the high quality of the cut-edge resulting from the utilization of ultrashort
laser pulses. Recently, the potential of megahertz pulse bursts of ultrashort laser
pulses was shown [16]. Another rather new approach is an interference pattern by
the superposition of two laser beams. Baumann et al. have shown that the resulting
higher peak intensity contributes to a faster cutting process [14]. Despite the low
absorptivity of the metallic substrate foils [15], usually, infrared laser radiation is
employed. Ultraviolet [18] and green laser radiation [19] were investigated but have
not yet been established in industrial production due to the higher costs and the lower
average powers.

Analytical models have been developed to better understand the underlying
processmechanisms and to faster identify suitable process parameters [20–24]. These
models include physical phenomena, such as fluid flow, heat transfer, recoil pres-
sure, multiple reflections, capillary and thermo-capillary forces, and phase changes,
to investigate the melt pool flow, the geometry, and the temperature distribution on
the workpiece [22]. Due to the high variability in the applied electrode coatings, e.g.,
in the material composition, the porosity, and the coating thickness, the experimental
effort when introducing a new electrode system in production can be reduced using
such computational models.

The electrode cut edge was proven to influence battery quality and performance.
On the one hand, burrs on the cut-edge and particles are suspected of punctuating
the separator and causing electrical short-circuits, followed by highly safety-critical
thermal runaways of the battery. On the other hand, it was also concluded that an
insufficient cut-edge quality negatively influences the electrochemical functionality
of lithium-ion batteries, by accelerating capacity fading over the cell lifetime, for
instance [25]. Carbonari et al. demonstrated that electrochemical impedance spec-
troscopy is a feasible method to determine the cut edge quality via the cell-internal
resistance [26]. In general, despite the mentioned studies, there remains a research
gap in the literature concerning the impact of the cut edge quality on cell functionality.

Future trends will be the utilization of high-power ultrashort-pulsed laser systems.
Furthermore, material-specific cutting strategies need to be developed considering
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Fig. 7 Schematic scanning electron microscopy images of structured graphite anodes at magnifi-
cations of (d) 100, (e) 220, and (f) 1000; the structures were arranged in a hexagonal pattern with
a center distance of 120 µm [30]

upcoming trends from battery production, such as the application of silicon-blended
graphite anodes and nickel-rich cathodes, e.g., NMC811, as well as the tendency to
high coating layer thicknesses. Furthermore, the transfer of cutting processes on new
battery technologies, such as all-solid-state batteries, which also require an adapted
process chain, move into the spotlight. The usage of lithium metal anodes is one of
the dominating trends necessitating the development of adapted cutting processes
[27, 28].

Structuring: A central drawback of current lithium-ion batteries is their limited
fast-charging and discharging capability. This issue results from diffusion limita-
tions in a battery cell caused by the porous structures of typical battery electrodes.
A promising approach to overcome this drawback is the introduction of microscopic
diffusion channels into the electrode coatings using pulsed laser radiation. Espe-
cially (ultra-)short-pulsed laser radiation is a versatile tool for creating drillings with
micrometer precision at low heat input [29] (see Fig. 7).

Laser structuring of battery electrodes results in an improved fast-charging ability
and reduced lithium plating [31] due to the reduction of cell-internal overpoten-
tials [32, 33]. Furthermore, significant lifetime improvements were observed in
large-format lithium-ion batteries with laser-structured electrodes [30, 34]. Since
graphite anodes typically show higher diffusion limitations than most cathode
systems, electrode structuring is especially promising when applied to anodes [35,
36]. Nevertheless, performance enhancements were also reported for lithium-ion
batteries containing structured LiMn2O4 (LMO) [37], LiCoO2 (LCO) [38, 39],
LiNixMnyCozO2 (NMC) [40–42], and LiFePO4 (LFP) cathodes [43, 44]. The posi-
tive effect of electrode structuring on the rate performance is pronounced in thick
and highly compressed electrodes [40, 45]. Besides the performance improvements,
a facilitated wetting with electrolyte can be achieved through laser structuring of
electrodes [46–48].

A central challenge for the industrial application of electrode structuring is
increasing the laser processing rate to match the web speeds in roll-to-roll electrode
production. Possible approaches include beam-splitting techniques using diffractive
optical elements (DOEs) or polygon scanning units [49, 50]. Furthermore, the inter-
dependencies between laser structuring and adjacent processes need to be better
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Fig. 8 Example of tab-to-busbar welding for pouch and cylindrical cells [55]

understood, and concepts for integrating laser structuring into the existing process
chain of battery production need to be developed.

Battery welding

There are variouswelding/joining requirements for the three levels of battery systems.
As a result of a literature analysis, wire bonding, resistance spot welding, ultrasonic
welding, and laser beam welding (LBW) are the most used welding technologies.
However, LBW is probably the most promising among these technologies thanks to
the advantages of producing a small, precisely targeted deformation, and a confined
heat-affected zone [51].Moreover, LBWhas been shown to have the lowest electrical
contact resistances andmaximum joint strengths compared to the other welding tech-
niques for manufacturing electric vehicle battery packs [51]. Finally, all cell formats
of lithium-ion batteries can be welded with lasers [7], which has the maximum flexi-
bility in terms of geometries and configurations that can be assembled (c.f. Figure 8).

However, laser beam welding is typically limited by a low metallurgical affinity
between incompatible materials, which can result in significant weaknesses, such
as the creation of detrimental intermetallic phases and crack sensitivity. According
to studies to date, an optimization of the welding process parameters could enhance
joint performance butmust take into consideration not only thematerials to bewelded
but also the welding configuration (e.g., butt welding, overlap welding, etc.). Novel
laser technologies have also advanced, leading to an increased absorptivity on highly
reflective surfaces of metals, such ascopper or aluminum, using green and blue lasers
[5, 6]. The last generation of lasers with beam-shaping capability establish a more
stable keyhole, producing a more controllable penetration depth joint with fewer
defects [52].

A weak joint cannot endure challenging driving conditions, dynamic loading,
vibrations, and potential crash and may even cause a fire due to short-circuiting.
Therefore welding must adhere to a few fundamental requirements:

• Mechanical: Joints need to have high mechanical strength and tightness together
with high fatigue resistance and low residual stress. These qualities must be
consistent from joint to joint and stable over time.
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• Electrical: In order to ensure minimal heat generation and dissipation during
the battery’s operational life, the joints must possess a very good electrical
conductivity.

• Thermal: Heat input must be carefully managed to prevent damage to the cell or
its components by residual strains and distortions.

• Metallurgical: Dissimilar metal welds, mixing aluminum and copper, result in
the formation of so-called intermetallic compounds (IMCs) characterized by high
hardness, high brittleness, and, in many cases, limited electrical conductivity.
IMCs must be contained as low as possible with the help of a carefully controlled
heat input, which is beneficial for creating joints with favorable mechanical and
electrical properties.

According to the previous requirements, in the following paragraphs, the state-
of-the-art of LBW for the three levels will be presented:

Cell level: More than 40 extremely thin aluminium and copper foils [53, 54]
with a thickness of 10–20 µm serve as the cathode and the anode current collectors,
respectively. The joining is highly difficult because of the low single-foil thicknesses
and the differing physical properties of the two metals involved.

Module level: Concerning the module level, depending on the cell format and
design choices made by the battery producer, this level is characterized by quite
varied connecting scenarios. It is impossible to provide a thorough description of all
scenarios; however, some typical setups include [55]:

• Tab-on-tab: The positive and negative poles are formed by thin aluminum and
copper tabs (0.3–0.4 mm thick) that protrude from pouch cells. These tabs are
joined to one another in a lap joint, and, in some cases, a stack of tabs with three
or four tabs instead of only two may be present.

• Tab-on-busbar: Tabs are connected in a similar or different configuration to a
thicker (2–4 mm) aluminium or copper alloy connecting plate.

• Tab-on-cylindrical cell: This cell has a copper or aluminum tab welded to the top
or bottom of the cell, which, in turn, is frequently made with low-carbon steel.

• Tab- or busbar-on-prismatic cell: In a similar or different configuration, a thin
(0.3–0.5 mm) or thick (1–2 mm) sheet is welded to the caps of prismatic cells.

One of the most important issues in fusion welding of copper and aluminum is the
formation of brittle intermetallic compounds, which are created at the weld interface
and, thus, results in poor mechanical characteristics and crack sensitivity. According
to studies, thesewelds are extremely brittle since the intermetallic thickness is greater
than 5 µm. Figure 9 displays the properties of essential IMCs between aluminum
and copper [56, 57].

The welds with the highest shear strength and the intermetallic layer with a thick-
ness of 3.2µm had the lowest electrical resistance. Thicker intermetallic compounds
showed an increase in joint electrical resistance. Similar findings, showing a linear
rise in contact resistancewith intermetallic compound thickness, have been published
by Dimatteo et al. [58] (Fig. 10).
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Phase Cu content (at.%) Structure Microhardness (HV) Density (gm/cm3) Specific resistance (μΩcm)

CuAl2 33 Body-centered 
tetragonal

630 4.34 8 

CuAl 51 Body-centered 
othorhombic

905 51.3 11.4

Cu4Al3 55.5 Moniclinic 930 NA 12.2
Cu9Al4 66 Body-centered 

cubic
770 6.43 14.2

Fig. 9 Copper-aluminum equilibrium intermetallic compounds properties [56, 57]

Fig. 10 Influence of intermetallic compounds (IMCs) on electric resistance [55, 58]

The welding configuration influences the quality of the joint because aluminum
usually floats on the copper when used at the top, while copper easily sinks into
the aluminum at the bottom. In their study, Lee et al. [56] compared the overlap
laser beam welding of copper and aluminum with aluminum at the top and bottom.
The IMC AlCu2 of approximately 5 µm thickness formed in the interface region
at the top. In contrast, a significant concentration of CuAl2 and Cu9Al4 IMCs were
found for aluminum at the bottom, and, for both configurations, the respective sides
of the copper solid solution and aluminum solid solution were likewise created.
Additionally, the impact of the welding speed on the weld quality was mentioned.
For a welding speed of 10m/min, CuAl2, Cu9Al4, and CuAl IMCswere shown inside
the weld zone. However, the formation of IMCs was, inhibited at the faster welding
speed of 50 m/min, indicating the significance of process optimization for IMC
reductions. Additionally, as the welding speed was increased, the tensile strength
also rose, reaching 205 MPa for aluminum at the bottom and 160 MPa for aluminum
at the topwith awelding speed of 50m/min. In all samples, the fracture occurred close
to the interface of the fusion zone in the intermetallic compound region. In Fig. 11, the
composition and the microstructures of a copper-aluminum welding configuration is
reported.

The quality as well as the mechanical and electrical properties of welds mainly
depend on the heat cycle and, therefore, on the process parameters and strategy used.
Moreover, depending on the joint configuration, battery geometries, and module
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Zone Concentration (wt% copper) Phase
1 62.18– 64.45 Columnar grain (γ2-Cu9Al4)
2 45.34– 51.95 (white) 30.12 – 41.19 (gray) Lump (θ-CuAl2) + eutectic (α-Al + θ-CuAl2)
3 30.27–36.61 Eutectic (α + θ)
4 ≤8.55 Dendrites (α-Al)

Fig. 11 Example of microstructures and chemical composition of phases observed in copper-
aluminum laser beam welding [59]

design, there are three typologies of laser power working mode, which are the linear
continuous wave (LCW), wobbling continuous wave (WCW) and linear pulsed wave
(LPW), whose performance is shown below.

A summary of the performance in LCW, stemming from different authors, is
presented in Figs. 12 and 13. They confirm that a reduction of IMCs enhances
mechanical properties and, in turn, improves electrical properties.

Wobbling is a more complex process to be optimized due to the involvement of
additional process parameters which are mostly interact with each other. However, it
has been shown that the wobbling mode allows large joint widths to be obtained and
lowpenetration into the underlying sheet [57], providing goodmechanical properties.
In Fig. 14, a summary of the performance is provided.

PCW is also used, even if it has lower welding velocity and productivity. Using the
latest laser sources, pulses can be designed according to the request of the process.
An example is shown in Fig. 15. Finally, in Fig. 16 an example of the temperature
measured close to the laser-material interaction zone during welding is given.

Pack level: At the pack level, modules are connected in a variety of methods, but
frequently, thick copper or aluminum plates are utilized as connecting components.
At this stage, the external enclosure that constitutes the battery’s housing is similarly
subjected to welding and joining. Lightweight aluminum sheets are frequently used
and require hermetical sealing to stop dangerous fume leakage if cells are damaged.
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Fig. 12 Mechanical joint strength and process windows for a linear continuous wave (LCW)
strategy [60]
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Fig. 13 Mechanical joint strength and process windows for a linear scanning strategy [56]

Optimal conditions used for tensile tests.
Configuration Name Power (W) Welding speed (mm/s) Wobbling amplitude (mm) Weld width (mm) Penetration depth (mm) 

aluminum-copper A 600 1566 0.2 0.30 0.19
B 600 156 0.5 0.60 0.10
C 800 134 0.7 0.82 0.17

copper-aluminum D 800 89 0.2 0.50 0.45
E 900 134 0.5 0.60 0.40
F 800 134 0.7 0.47 0.187

Fig. 14 Mechanical joint strength for a wobbling scanning strategy [61]

2.4 Laser-Based Manufacturing for Electric Powertrain

Hairpin stripping

The innovative hairpin stator solution promises unique benefits on both the product
andprocess sides but also confronts automotivemanufacturerswithmajor challenges.
The key for the industrialization of hairpin stators is an effective process development
and technology selection. In order to meet the demands and to integrate electric
motor production into the value chain, automated solutionswith high process stability
need to be developed. The technologies necessary for serial production are still
partially unknown and need to be selected and optimized considering the final quality
conformity of the product. One of them is the stripping of the enameled copper pins
in the contacting zone. The identified requirements for the stripping are reproducible
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Fig. 15 Seam morphology with E = 13 J and d = 0.32 mm for various pulse shapes: a square
pulse; b increasing step pulse; c increasing ramp pulse; d decreasing step pulse; e decreasing ramp
pulse; f central peak pulse [62]

Fig. 16 Temperature in overlap configuration in case of continuous wave (a) [60] and pulsed
(b) [62] laser beam welding

clean surfaces, controllable and accurate removal area, no detrimental effects on the
substrate, versatile and precise process, and waste prevention for an environmental-
friendly process. Usually, an additional extension of the stripped area is present
to prevent heat influences from the weld on the coating of the non-joined hairpin
portions (Fig. 17).
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Fig. 17 Examples of laser
stripped hairpins

Enameled copper wires for the production of windings are mainly insulated with
plastics based on polymer hydrocarbons and, therefore, are assigned to organic mate-
rials. In addition to good insulating properties, such as high surface resistance, creep
resistance, and dielectric strength, these materials feature a high ductility, resulting
in good formability and, thus, processability in winding goods. Enamels made
of polyurethane, polyetheretherketone, polyimide, polyesterimide, and polyamide-
imide can be referred to as common insulation materials. The hairpin insulation
is often constituted by combining different of the mentioned materials in layers.
Laser stripping induces superior mechanical strength and electrical conductivity,
while offering a significant reduction in process time, cost, and a higher flexibility
[63]. Aside from the non-contact mode of operation, the advantage of this stripping
principle is the small heat input due to the pulsed operation mode of the lasers.
For this reason, insulation damage can be prevented in the non-joining areas. A
key added benefit is that the radiation removes any oxide layer from the conductor
surface, leaving it in the perfect, repeatable state for a more stable and precise
contacting process [64]. The first applications and research about laser cleaning
processes were characterized by the adoption of excimer UV lasers [65, 66], CO2

lasers [67], diode lasers [68], and Nd:YAG lasers [69]. Some authors studied the
possibility of polymer ablation by emitting at IR wavelengths resonant with the
bond fundamental stretching frequencies of polymeric materials [70]. In the strip-
ping process of enameled bar-wound windings, the choice of laser wavelength and
process parameters (i.e., laser pulse duration and repetition frequency, spot size,
power density, fluence, speed, number of passes, etc.) used to remove the polymer-
based insulation from copper are crucial for the stability of the process itself and for
the quality of the end result [71, 72]. Firstly, if the wavelength is correctly chosen
(strongly absorbed by the insulating material), the laser can vaporize efficiently and
effectively. However, the laser beam should not couple strongly with the conductor.
Pulsed CO2 lasers can be used due to the highest reflectivity in copper material and
the enhanced absorptivity in organic compounds [73]. The enamel thickness ranges
from 20 to 100 µm. It is important to note that the absorption of the light in such
films dependents on the film thickness. If the insulating layer reduces to one-fourth
of the laser wavelength, then the absorption reduces to a minimum until no further
material can be removed. Consequently, when processing the enameled wire with
pulsed CO2 lasers, a thin layer of insulation remains on the conductor (2–3 µm),
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sufficient to prevent the subsequent hairpin contacting process [74]. The solution is
to change the stripping method by selecting a laser wavelength at which the hairpin
coating is largely transparent but absorbed by the substrate, i.e., the antithesis of the
previous approach. In this case, a near-infrared pulsed laser with high peak power
can release energy at the interface between the coating and substrate. In this way,
the insulation is delaminated and ejected at high speed from the hairpin surface due
to the creation of a laser-induced plasma at the copper substrate interface, which
generates a shock wave able to produce a blank surface [75]. There are also dual IR-
based stripping processes, in which a CO2 laser rapidly vaporizes the majority of the
enamel, while the secondary low-power laser ablates the remaining layer. Adopting
the same laser system in the subsequent hairpin welding has also been proposed [76].
The interdependencies between process steps have high effects on the later steps in
the hairpin process chain and cause error propagations, which lower the stability of
the whole manufacturing chain. For example, one error in the welding of hairpins can
be traced back to the stripping step. When a high number of pores and air pockets is
present, it may be often linked to an insufficient stripping of the material. So, during
welding, the not-removed insulation evaporates, impairing the formation of a solid
and long-term stable welding joint [77]. In order to check if the organic insulating
material is removed reproducibly, a fluorescence measurement is usually executed.
The stripping sample body is excited by UV radiation, and the remaining residuals
are detected since they are correlated to the fluorescence measured [2]. Another key
imperative in the stripping process is that no copper removal or conductor deforma-
tion should occur in order to preclude reductions in the conducting cross-section.
Pulse overlap must be carefully controlled since high values can lead to an excessive
increase in copper substrate temperature, up to surface melting [78]. Furthermore,
it must be avoided that the insulation of the conductor outside the stripped area gets
damaged or detached and that insulation residues could fall into the winding.

In literature, the removal of the insulating layer from Cu-ETP hairpins is
performed with an IR disk laser at 1030 nm with programmable focusing optics,
also used for the subsequent contacting process (given that the power output ranged
from 160 to 8000W) [79]. In this case, the PEI insulation is removed by first burning
significant parts of the insulation before blasting of residues. The ends of the hairpins
are stripped by scanning the laser beam in pulsed mode over the workpiece several
times. At first, the insulation is burnedwith a flame, as the conductor and the insulated
material are heated up by the laser. After most of the insulation is removed, the laser
radiation is absorbed by the base material. Caused by an abrupt thermal expansion
of the conductor, the remaining insulation and combustion residues are blasted off
the copper substrate.

Another solution is to use a pulsed IR diode laser for the de-coating of the joining
area of the enameled hairpins. In order to meet the series production requirement,
there were reported ablation rates in the range of 142–280 mm3/s [80]. The stripping
performance was also analyzed and could be optimized with high powers, reduced
feed rates, and reduced fill spaces. The analyses showed that high removal rates
could be achieved by CO2 laser, leaving enamel on the surface. These remains could
be removed by a fiber laser in a two-step procedure resulting in low residuals and
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mean variations of the process. Then, an optical analysis illustrated that the disk laser
generated a distinct structuring of the copper surface and a pronounced transitional
area, while the CO2 and fiber lasers created sharp-edged interfaces. The conclusion
was that the most reproducible stripping results with low residues could be achieved
with the double IR procedure (CO2 laser first, fiber radiation after).

Hairpin welding

The process step of contacting is regarded as one of the major challenges in manu-
facturing hairpin windings. In addition to the high number of contacts, the frequent
appearance of faults resulting in high scrap costs needs to be mentioned. Even for
contacts that are not classified as defective, an increased contact resistancemay cause
growing copper losses heating the winding. Large connection cross-sections must be
realized and resistances caused by impurity layers must be avoided. In addition, only
little space is available in the winding head for the execution of the contacting opera-
tion, restricting accessibility. From awider point of view, the contacting process is the
point of interest of many automotive companies because all the previous errors and
deviations in the hairpin manufacturing chain, such as the misalignment of the pins,
need to be compensated by a winning welding strategy [2]. The laser technology
shows potential to realize this joining task as it is an automated and contactless
joining process featuring high processing speeds and good process stabilities [81].
Since the failure of one contact point already leads to the loss of function of the
electric drive, the contacting operation is a crucial process. One of the main tech-
nical challenges concerning this manufacturing step is the high number of contacts
that has to be created in a short processing timewith high reliability. Apart from long-
term stability, it is fundamental that the joints feature large cross sections due to the
high currents that flow in the winding of automotive traction drives, which means
that reduced conductive cross-sections result in additional undesired ohmic losses,
increasing the temperature of the winding. Besides, joining copper material features
a strong tendency to spatter formation due to its high thermal conductivity and low
viscosity [82]. Moreover, it is necessary to avoid thermal insulation damages outside
the skinned area resulting from melt pool ejections or excessive thermal input since
this would cause short circuits [83].

Pure copper has always posed high barriers to laser beamwelding, especially in the
infrared range wavelength [84]. In addition, different from its alloys, pure copper has
a melting and boiling point instead of a range. This leads to abrupt liquefaction and
vaporization, which obstacle the welding process and may lead to welding defects.
One of the recent and widespread introduced techniques is represented by beam
wobbling. By moving the beam quickly and repeatedly over the part, the hairpin is
first preheated in a controlled manner instead of discharging all the power at once.
It enlarges the beam area effectively without reducing the fluence, which stabilizes
the melt pool, reducing spatter, defects, and weld porosity compared to traditional
welding methods [85, 86] (Fig. 18).

Local power modulation and temporal power modulation techniques applied to
hairpin welding were studied by Glaessel et al. [76]. One of the most critical aspects
was the effect of the deviations of the contacting process on the electrical resistance of



240 A. G. Demir et al.

Fig. 18 Laser welded hairpin windings mounted in an e-drive stator (image courtesy of IMA
Automation Atop)

the hairpin connections. It was demonstrated that the presence of pores, the condition
of the surface, and the size of the melt pool could result in scattering electrical prop-
erties of the joints, as the cross-section of the connection was subjected to deviations
due to these instabilities.

Despite several choices in laser beamwelding technology, the fundamental studies
concerning the laser beam welding of copper hairpins and the influence of the laser
processing conditions are lacking in literature. Glaessel et al. studied [87] laser
beam welding of copper hairpins with an 8 kW disk laser source and a 255 µm
spot size using a linear trajectory. The authors proposed the initial relationships
between seam size as well as electrical and mechanical properties. Di Matteo et al.
studied laser beam welding of copper hairpins with a 3 kW fiber laser source and
a 68 µm spot size using a linear scan strategy with multiple repetitions [88]. The
authors showed how defects form related to insufficient and excessive energy input
into the seam.

Using novel wavelengths for welding Cu is an emerging topic in literature. The
green and blue wavelengths improve absorptivity, while the availability of these laser
sources is still scarce. Applying the second harmonic of a high-power disc laser to
generate the green wavelength for welding Cu has been reported in the literature [89,
90]. Concerning blue lasers, recent solutions indicate diode lasers with power levels
up to 3 kWwith 400µmfiber diameter [91] or 400Wwith 50µmfiber diameter [92].
Wavelength combinations (NIR + visible) with industrial solid-state lasers [93–95]
are other possibilities that require fundamental studies.

Stator welding

In an electric drive the stator and rotor stacks are made of thin electrical steel sheets
to reduce eddy currents. Most commonly, silicon steel sheets are punched to the
desired shape and then joined to form the final stators. An example of this material
can be the M330-35, which is also a code for identifying the geometry of the plates.
Generally, the sheet thickness varies typically between 0.2 and 0.5 mm [96, 97].
It is well established that each cutting technique affects the properties of the cut
zone differently. The most spread technique for sheet separation is punching, while
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Fig. 19 Schematic description of laser stator welding.Weld gun in the picture gives the impression
it is gas metal arc welding which is used [104]

laser cutting has also been explored [96]. After having stacked the several laminates
(a common electrical motor contains about 1600 single sheets with a thickness of
0.35mm[98]), there is the need toweld all the plates together (see Fig. 19).A possible
joining process is laser beam welding. Nevertheless, the welded seam geometry
influences the magnetic loss during the operation of the motor [99]. The smaller the
depth of the seam, the less the magnetic loss. Next to conventional welding, the laser
technique is an alternative technology to fix the laminated structure [100]. In this
case, the problem obtaining a relatively thin welded zone to achieve a HAZ that does
not influence the electromagnetic properties of the stator laminates. Pulsed wave
welding and temporal beam modulation strategies provide reduced heat input and
better geometrical control over the process [101]. Fiber lasers with relatively low
power levels (typically 1–1.5 kW) in continuous and quasi-continuous wave modes
are becoming more popular for the stator welding operation due to reduced footprint,
higher energetic efficiency, and ease of programmability compared to the Nd:YAG
systems [102, 103].

2.5 Laser-Based Manufacturing for Fuel Cells

Polymer electrolyte membrane fuel cells (PEMFCs) are a promising technology
for powering a wide range of applications by converting chemically stored energy
into electrical energy. However, insufficient durability and difficult water manage-
ment inside the fuel cell are two main challenges, limiting commercial usage of that
technology [105].

As schematically shown in Fig. 20, in a PEMFC, hydrogenn and oxygen react
to water (2H2 + O2 → 2H2O). The water must be dissipated from the fuel cell
by passing through the microporous layer (MPL) and the gas diffusion layer (GDL)
to the bipolar plate (BPP). The MPL is usually a mixture of carbon particles with
hydrophobic additives [106]. The GDL is typically carbon paper, often treated with
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Fig. 20 Schematic illustration of a polymer electrolyte membrane fuel cell (PEMFC) with
perforated diffusion layers [112]

hydrophobic fluoropolymers [107]. The in-cell water management is decisive for
the performance and the lifetime of PEMFCs. Dry conditions lead to reduced proton
conductivity resulting in a decreased lifetime andhigher electrical losses [108].While
operating the fuel cell at high current densities removing the water fast enough is
challenging, leading to liquid accumulations in the pores of the catalyst and diffusion
layers. The transport ways for the oxygen are blocked by the water, which leads to
higher losses inside the fuel cell [105].

In previous years, substantial research in improving water management has been
conducted [109–111]. The optimization of water management is still challenging
due to the complex thermodynamics of the interacting factors, such as gas diffusion,
capillary pressure-driven water transport, and phase change within the diffusion
media [109].

The structuralmodification of theMPLandGDL, e.g.,with a graded pore structure
ormicro-drillings introduced into the diffusion layers, has shownpromising improve-
ments in water management [109, 111]. In order to introduce micro-drillings into
the different layers, laser systems generating pulses with femto- and picosecond
pulse durations can be used for a precise material removal with a low thermal
impact to the workpiece. So far, the laser process was not the subject of research.
Therefore, the complex correlations between laser parameters, material composi-
tion, and the resulting ablation behavior have not been understood. This resulted in
large heat-affected zones where the polymeric binder evaporated, leading to water
accumulations in the vicinity of the holes [105].

Therefore, it can be assumed that a detailed understanding of the laser process
using state-of-the-art ultrashort-pulsed laser systems can help to produce micro-
drillings with improved characteristics. Using laser pulses with a pulse duration of
8 ps, the area in which the polymeric binder evaporated was considerably smaller
compared to longer pulse durations [112].
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3 Future Needs and Prospects

The sector’s needs and prospects were investigated during the LaserEMobilityWork-
shop held in Bologna onMarch 10th and 11th, 2022 [113]. The participants from laser
components manufacturers, system integrators, and end-users were invited to partic-
ipate in a brainstorming session to assess the upcoming challenges. The experts
contributed to an open discussion over four main topics raised by the organizing
committee:

• What innovative combinations of materials and laser processes are envisaged?
• How can laser systems be further integrated into interconnected production

systems?
• What are the opportunities and the challenges of laser processes for the production

of hydrogen fuel cells?
• What are the potential roles of laser processes in conjunction with alternative

methods for energy production, storage, and delivery in electric vehicles?

In the following, the main outcomes of the expert discussions are collected and
further developed to better highlight the prospects and trends.

a. Innovative process/material combinations for e-mobility

The electric vehicles will use a wider range of material types, also in a combined
manner. Beyond the highly conductive and lightweight metals, the application of
polymers, composite materials, ceramics, and glasses will be increased compared
to internal combustion engine vehicles. Laser-based manufacturing methods can
provide the means for joining materials of different families, such as polymers,
metals, and ceramics. Laser surface preparation for bonding [114], transmission
welding of polymers to metals [115], and laser cutting for preparing hybrid joints
[116] are some of the possibilities. The wider use of engineering ceramics and
glasses as insulators but also in displays will require texturing, cutting, and welding
techniques where lasers can serve. High power ultra short-pulsed laser sources will
potentially provide the means for processing ceramics and glasses for such purposes
[117–119]. Concerning the metals, the processing of Lithium-metal will require
a great deal of attention for the next generation all-solid-state batteries. Lithium-
metal anodes will be largely used in all-solid-state batteries, while the processing of
this material by mechanical means is highly difficult. Using laser beam cutting is a
straightforward approach to avoid issues related to the material adhesion and tough-
ness [27, 120]. System developers will also have to tackle challenges connected to
material handling and atmospheric control due to Lithium’s high reactivity.

b. Automation and digitalization needs

Laser systems as digitals lends itself very well to a digitalized manufacturing envi-
ronment. However, the intrinsic adaptability of the tool does not necessarily provide
direct integration. The wide variety of laser-based manufacturing systems renders
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it difficult to achieve universal software and control tools. As opposed to a conven-
tional manufacturing tool, such as those used for machining, the laser systems do not
employ a universal CAD/CAM language. As a result, each laser station may have
a different grade and level of integration to the overall production system. In the
case of scanner-based laser manufacturing systems, such differences may be more
pronounced,while for robotic and cartesianmanipulators, solutions are often adapted
from existing machine tools.

Inline monitoring and control systems are highly desired by the laser system
end-users. In the case of several millions of welds to be applied in battery system
manufacturing or considering the production of e-drives with hairpin welding, the
sensorization of the production processes becomes a fundamental need. The sensors
are required to monitor the process, identify the defects possibly with the root cause,
and move toward real time process control. The use of sensor systems in laser-based
manufacturing also allows a means for in-process certification. The signals can be
gathered to assess the adequacy of a single weld/cut or an entire part. The laser-based
manufacturing processes can contribute to quality insurance and reduce scraps when
embedded in the entire quality control of the developed component, such as a battery
pack or an e-drive. The used sensor types can be acoustic, mechanical, or often
optical, as based on a photonic energy source, laser manufacturing processes lend
themselves well to optical monitoring methods. Different sensors allow to observe
the process light or probe the process with an external light source [121]. Photodi-
odes, spectroscopes, and cameras provide different resolution possibilities in space,
time, and wavelength domains. Photodiodes have been long used to monitor laser-
based manufacturing processes due to their ease of integration, low cost, and high
responsivity in time [122]. The performance of such systems highly depend on the
optical emission profile of the processed material and the distinct optical transmis-
sivity features of the used laser systems. Recent advancements on the data processing
front can provide a better performance even with a relatively low resolution of these
devices [123]. Artificial intelligence techniques are expected to improve monitoring
performance greatly. As these sensors are more often integrated into the manufac-
turing systems, the data flow will increase, enlarging the signal database required.
Nevertheless, the highest performance gain is related to the opportune choice of the
sensor for the given application. Recent advancements in interferometric sensors
also provide direct measurements of the process performance. Optical coherence
tomography (OCT) is one of these techniques where a probe light measures the
workpiece-sensor distance during the laser manufacturing process. OCT provides
highly useful information, especially in the case of laser beam welding with partial
penetration [124, 125]. The determination of the keyhole depth in laser beamwelding
of batteries, hairpins, and stators can allow for the correct mechanical properties and
avoid excessive penetration. A certain bottleneck of such an approach is the data size,
which may slow the overall manufacturing cycle due to the prolonged data transfer
and analysis durations [126]. Calculations on-board the sensor and efficient data
analysis methods will improve the applicability of these approaches in the field. The
big data produced during a single manufacturing operation may generate a second
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bottleneck in the phase of storage. Along with the improved data compression tech-
niques, the storage of the certification as per the manufacturing process outcome
appears to be one of the most viable future solutions.

With the improved digitalization means, a key requirement for the sector to move
forward with digitalization is specialized personnel able to design, construct, and
operate laser-based manufacturing systems and knowledgeable in manufacturing,
optics, and electronics toward the final engineering application.

c. Laser-based manufacturing for hydrogen-powered vehicles

The hydrogen fuel cell technology has several aspects beyond the assembly of the
bipolar plates, as thoroughly discussed in the previous sections. Indeed, laser cutting
technology can be used to flexibly separate the bipolar plates to the desired shape and
size. Remote cutting can be a possibility combined with remote laser beam welding
considering the thickness ranges between 50 and 100 µm.

One of the issues related to the bipolar plate technology is the hydrogen diffu-
sion into the material. Dedicated heat treatments, surface roughening, and oxida-
tion strategies can effectively reduce hydrogen diffusion and related embrittlement
[127, 128].

d. Laser processes for alternative methods within energy production, storage and
delivery

Laser processing will be extended toward future applications. It can be foreseen that
more extensive use of laser-based micromachining will be present in the production
of power electronics and the electronic devices used in the dashboard and other
control systems. Moreover, laser-based manufacturing for photovoltaic systems and
additive manufacturing of battery electrodes are other possibilities.

The use of lasers can also go beyond themanufacturingmeans. Using photovoltaic
systems on vehicles, laser radiation can provide wireless means of energy transfer
and a more efficient energy conversion for recharging. Another possibility of using
laser radiation is related to the liquid battery chemistries. The use of laser radiation
to recombine the required chemistry and hence recharge the battery can be a future
possibility.

4 Conclusions

This white paper highlighted the challenges and opportunities of laser materials
processing in electric vehiclemanufacturing. The paper provided overall insights into
the differentmanufacturing approaches arising from the requirements of the emerging
electric vehicles. Throughout the paper, several mainstream applications have been
detailed, referring to the literature works. The application of laser-based processes in
the production of electric vehicles is a relatively new research field with an increasing
knowledge demand from the industry. The theoretical basis of several decades of
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laser manufacturing research will be essential to keep up with the requirements. The
increased flexibility of next-generation laser sources and integrated manufacturing
systems will require expanding the knowledge base. An important aspect that must
be underlined is the necessity to collaborate between different disciplines. Themanu-
facturing engineers dealing with the e-mobility sector will have to face challenges
coming from the respective application, which might require knowledge from chem-
istry, physics, or logistics. Moreover, an extensive collaboration between industry
and academia is required to comply with the sustainability goals in the targeted
time-frame.
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101. Vegelj D, Zajec B, Gregorčič P, Možina J (2014) Adaptive pulsed-laser welding of elec-
trical laminations. Strojniski Vestnik/J Mech Eng 60:106–114. https://doi.org/10.5545/sv-
jme.2013.1407

102. Cui R, Li S (2020) Pulsed laser welding of laminated electrical steels. JMater Process Technol
285:116778. https://doi.org/10.1016/j.jmatprotec.2020.116778

103. Wang H, Zhang Y, Li S (2015) Laser welding of laminated electrical steels. J Mater Process
Technol 230:99–108. https://doi.org/10.1016/j.jmatprotec.2015.11.018

104. Wang H, Zhang Y, Lai X (2015) A model for the torsion strength of a laser-welded stator. J
Mater Process Technol 223:319–327. https://doi.org/10.1016/j.jmatprotec.2015.04.012

105. Li H, Tang Y, Wang Z, Shi Z, Wu S, Song D et al (2008) A review of water flooding issues
in the proton exchange membrane fuel cell. J Power Sour 178:103–117. https://doi.org/10.
1016/j.jpowsour.2007.12.068

106. Nanjundappa A, Alavijeh AS, El Hannach M, Harvey D, Kjeang E (2013) A customized
framework for 3-D morphological characterization of microporous layers. Electrochim Acta
110:349–357. https://doi.org/10.1016/j.electacta.2013.04.103

https://doi.org/10.1109/ICESI.2019.8863004
https://doi.org/10.1016/j.jmapro.2020.12.018
https://doi.org/10.1016/j.procir.2018.08.161
https://www.laserline.com/en-int/blue-3kw-diode-laser/
https://industrial.panasonic.com/ww/products-fa/welding/industrial-robots/laser-welding-cutting-robot
https://doi.org/10.2351/7.0000386
https://doi.org/10.1109/TMAG.2009.2034124
https://doi.org/10.1007/s00170-013-4884-2
https://doi.org/10.1177/0954405416666899
https://doi.org/10.1109/IEMDC.2017.8002159
https://doi.org/10.1016/j.phpro.2010.08.028
https://doi.org/10.5545/sv-jme.2013.1407
https://doi.org/10.1016/j.jmatprotec.2020.116778
https://doi.org/10.1016/j.jmatprotec.2015.11.018
https://doi.org/10.1016/j.jmatprotec.2015.04.012
https://doi.org/10.1016/j.jpowsour.2007.12.068
https://doi.org/10.1016/j.electacta.2013.04.103


252 A. G. Demir et al.

107. Manzi-Orezzoli V, Siegwart M, Cochet M, Schmidt TJ, Boillat P (2020) Improved water
management for PEFC with interdigitated flow fields using modified gas diffusion layers. J
Electrochem Soc 167:054503. https://doi.org/10.1149/2.0062005jes

108. Vengatesan S, Fowler MW, Yuan XZ, Wang H (2011) Diagnosis of MEA degradation under
accelerated relative humidity cycling. J Power Sour 196:5045–5052. https://doi.org/10.1016/
j.jpowsour.2011.01.088

109. Alink R, Haußmann J, Markötter H, Schwager M,Manke I, Gerteisen D (2013) The influence
of porous transport layer modifications on the water management in polymer electrolyte
membrane fuel cells. J Power Sour 233:358–368. https://doi.org/10.1016/j.jpowsour.2013.
01.085

110. Simon C, Endres J, Nefzger-Loders B, Wilhelm F, Gasteiger HA (2019) Interaction of pore
size and hydrophobicity/hydrophilicity for improved oxygen and water transport through
microporous layers. J Electrochem Soc 166:F1022–F1035. https://doi.org/10.1149/2.111191
3jes

111. Tang H, Wang S, Pan M, Yuan R (2007) Porosity-graded micro-porous layers for polymer
electrolyte membrane fuel cells. J Power Sour 166:41–46. https://doi.org/10.1016/j.jpowsour.
2007.01.021

112. Geiger C, Kriegler J, Weiss T, Berger A, Zaeh MF (2022) Micro-perforation of the diffusion
media for polymer electrolyte membrane fuel cells using short and ultrashort laser pulses.
Procedia CIRP

113. LaserEMobility Workshop (2022). https://bi-rex.it/event/laser-emobility-workshop-2022/
114. Maressa P, Anodio L, Bernasconi A, Demir AG, Previtali B (2014) Effect of surface texture

on the adhesion performance of laser treated Ti6Al4V alloy. J Adhes 91:518–537. https://doi.
org/10.1080/00218464.2014.933809

115. Acherjee B (2020) Laser transmission welding of polymers—a review on process fundamen-
tals, material attributes, weldability, and welding techniques. J Manuf Process 60:227–246.
https://doi.org/10.1016/j.jmapro.2020.10.017

116. Stock J, Zaeh MF, Conrad M (2012) Remote Laser cutting of CFRP: improvements in the cut
surface. Phys Procedia 39:161–170. https://doi.org/10.1016/j.phpro.2012.10.026

117. Flamm D, Kleiner J, Kaiser M, Zimmermann F, Grossmann D, Kumkar M (2021). Ultrafast
laser cutting of transparent materials: the trend towards tailored edges and curved surfaces
15. https://doi.org/10.1117/12.2579329

118. Penilla EH, Devia-Cruz LF, Wieg AT, Martinez-Torres P, Cuando-Espitia N, Sellappan P et al
(1979) Ultrafast laser welding of ceramics. Science 2019(365):803–808. https://doi.org/10.
1126/science.aaw6699

119. Horn A, Mingaeev I, Werth A, Kachel M (2008) Joining of thin glass with semiconductors by
ultra-fast high-repetition laser welding. Laser-Based Micro- and Nanopackaging Assembly
II 6880:68800A. https://doi.org/10.1117/12.762337

120. Kriegler J, Nguyen TMD, Tomcic L, Hille L, Grabmann S, Jaimez-Farnham EI et al (2022)
Processing of lithium metal for the production of post-lithium-ion batteries using a pulsed
nanosecond fiber laser. SSRN Electron J 1–22. https://doi.org/10.2139/ssrn.4108413

121. You DY, Gao XD, Katayama S (2014) Review of laser welding monitoring. Sci Technol Weld
Joining 19:181–201. https://doi.org/10.1179/1362171813Y.0000000180

122. Garavaglia M, Demir AG, Zarini S, Victor BM, Previtali B (2020) Fiber laser welding of AA
5754 in the double lap-joint configuration: process development, mechanical characterization,
and monitoring. Int J Adv Manuf Technol 111:1643–1657. https://doi.org/10.1007/s00170-
020-06128-6

123. Shevchik SA, Le-Quang T, Farahani FV, Faivre N, Meylan B, Zanoli S et al (2019) Laser
welding quality monitoring via graph support vector machine with data adaptive kernel. IEEE
Access 7:93108–93122. https://doi.org/10.1109/ACCESS.2019.2927661

124. Baader M, Mayr A, Raffin T, Selzam J, Kuhl A, Franke J (2021) Potentials of optical coher-
ence tomography for process monitoring in laser welding of hairpin windings. In: 2021 11th
international electric drives production conference (EDPC), pp 1–10. https://doi.org/10.1109/
edpc53547.2021.9684210

https://doi.org/10.1149/2.0062005jes
https://doi.org/10.1016/j.jpowsour.2011.01.088
https://doi.org/10.1016/j.jpowsour.2013.01.085
https://doi.org/10.1149/2.1111913jes
https://doi.org/10.1016/j.jpowsour.2007.01.021
https://bi-rex.it/event/laser-emobility-workshop-2022/
https://doi.org/10.1080/00218464.2014.933809
https://doi.org/10.1016/j.jmapro.2020.10.017
https://doi.org/10.1016/j.phpro.2012.10.026
https://doi.org/10.1117/12.2579329
https://doi.org/10.1126/science.aaw6699
https://doi.org/10.1117/12.762337
https://doi.org/10.2139/ssrn.4108413
https://doi.org/10.1179/1362171813Y.0000000180
https://doi.org/10.1007/s00170-020-06128-6
https://doi.org/10.1109/ACCESS.2019.2927661
https://doi.org/10.1109/edpc53547.2021.9684210


Challenges and Opportunities for Laser Applications in Electric Vehicle … 253

125. Stadter C, Schmoeller M, von Rhein L, Zaeh MF (2020) Real-time prediction of quality char-
acteristics in laser beam welding using optical coherence tomography and machine learning.
J Laser Appl 32:022046. https://doi.org/10.2351/7.0000077

126. Mazzoleni L, Demir AG, Caprio L, Pacher M, Previtali B (2019) Real-time observation of
melt pool in selective laser melting: spatial, temporal andwavelength resolution criteria. IEEE
Trans Instrum Meas 69:1179–1190

127. RaabeD, TasanCC,Olivetti EA (2019) Strategies for improving the sustainability of structural
metals. Nature 575:64–74. https://doi.org/10.1038/s41586-019-1702-5

128. Kim J, Hall D, Yan H, Shi Y, Joseph S, Fearn S et al (2021) Roughening improves hydrogen
embrittlement resistance of Ti–6Al–4V. ActaMater 220:117304. https://doi.org/10.1016/j.act
amat.2021.117304

https://doi.org/10.2351/7.0000077
https://doi.org/10.1038/s41586-019-1702-5
https://doi.org/10.1016/j.actamat.2021.117304


Digital Twin for Factories: Challenges
and Industrial Applications

Walter Terkaj , Massimiliano Annoni , Beatriz Olarte Martinez,
Elena Pessot , Marco Sortino , and Marcello Urgo

Abstract The widespread adoption of digital technologies in factories has resulted
in the generation of a vast amount of data, which has the potential to enhance effi-
ciency and effectiveness in the manufacturing industry. However, collecting and
analyzing these data require approaches and tools to design and operate complex
digital models and infrastructures, also requiring transversal competencies. The Dig-
ital Twin approach can be exploited to couple assets with their digital counterparts to
support analyses and decisions. In particular, a Digital Twin can be associated with
a product, a specific machine tool or process, a production system, or an entire fac-
tory. This paper focuses on the application of Digital Twins in factories, proposing a
framework to identify data flows and relevant digital tools for applications through-
out the different phases of the factory lifecycle. Despite the great potential, Digital
Twin in manufacturing is still hindered by certain limitations. Therefore, by drawing
upon relevant literature, we define and highlight the key challenges that need to be
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addressed. Finally, the framework and the challenges are exploited to characterize
three case studies, which demonstrate the application of Digital Twins during the
design and execution phases.

Keywords Digital twin · Digital factory · Digital manufacturing · Digital
machining

1 Introduction

Digital twin (DT) is recognized as one of the most promising technologies for realiz-
ing the paradigm of smart manufacturing and Industry 4.0 [1], which assumes a fully
digitized, complex system that affects all units and classes in a factory [2]. The wide
adoption of digital technologies in factories yields a large amount of data, but the
collection and analysis of these data ask for transversal competencies (mathematics,
informatics, engineering) together with approaches and tools to design and operate a
complex digital infrastructure. Thus, industrial companies are integrating the ability
to access, control, manipulate and thus effectively manage a large amount of data in
their strategies [3].

The concept of Digital Twin (DT) entails a digital representation of a physi-
cal product, entity or system that comprises its selected properties, conditions, and
behaviors using models and data within a single or across multiple life cycle phases,
with the coupling between the physical and the digital world [4]. The twinning pro-
cess is enhanced by the continuous interaction, a constant stream of back-and-forth
information, and synchronization between theDT, the physical product and the exter-
nal environment [5]. The concept of DT was first introduced by Grieves [6, 7] as
a concept for product lifecycle management and then exemplified by a case study
NASA [8, 9]. DT is used in various application domains such as manufacturing,
architecture and construction, agriculture, food, robotics, supply chain, smart cities,
and mineral resource acquisition, both in the design and operation phase [10].

The importance of DT for manufacturing is demonstrated by the inclusion of
this topic in various industrial and scientific strategic roadmaps [11]. Indeed, indus-
try [12], academy [13] and governments have pushed towards the digitalization of
enterprises, especially of SMEs (Small and Medium Enterprises) due to the large
amount of them inEurope (approximately 25.1million in the EU in 2018 [14]).While
in the previous industrial revolutions the trend was focused on physical resources,
the 4th industrial revolution focuses primarily on creating a digital representation of
the physical processes to get better insights into what is going on with the physical
processes [15]. The ManuFuture Vision 2030 points out that the increased amount
of available data generated by sensors, intelligent control and mechatronics, enables
“detailed digital twins for machines, production lines and complete factories” [16].
The initiative Digitising European Industry highlighted the need for Digital Indus-
trial Platforms to cope with the increased use of DT in various sectors, requiring very
rich data and semantic models, thus calling for standard development to describe fur-
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ther properties of DT for industrial applications to improve interoperability [17]. In
particular, among the interoperability layers defined by the European Interoperabil-
ity Framework (EIF) [18], the semantic interoperability (i.e., the ability to preserve
and understand the precise format and meaning of exchanged data and information
throughout exchanges between parties) plays a key role in DT development.

Even large companies argue that the next investments will be in DT, but they
are still limited by issues. A recent report by Microsoft, Intel, and IoT Analytics,
resulting from interviewswithmore than 500 executives, shows that only one-third of
companies implementing smart manufacturing have partially or fully developed DT,
and most of them lack a DT strategy as it is considered time-consuming, expensive
and lacking standards [19].

Recently, the EIT Manufacturing project LIVE4.0 [20] carried out a survey in
four European countries (Czech Republic, Germany, Italy, and Spain) covering the
topics of Industry 4.0 solutions and their implementation at SME level. A total num-
ber of 67 answers were collected, providing valuable insights into how companies
perceive Industry 4.0. Around 75% of the companies are interested in Industry 4.0
hands-on training, even under a payment, thus proving how SMEs are aware of these
opportunities. Regarding software tools the companies employ, CAD solutions are
still prevalent compared to simulation or CAM (Computer Aided Manufacturing).
Although quite common, the production of small batches is still with rigid and tradi-
tional systems. Data processing is mainly based on file storage, and only 5% of the
companies established automatic process monitoring.

Given their vast capabilities, DT can serve different types of problems in produc-
tion, such as production and layout planning, process and feedback control, predictive
maintenance, efficiency improvement, and validation of the production system [3].
For these reasons, DT technology has been applied in various industries and domains,
from healthcare to aerospace and most notably in manufacturing. DT can play a key
role in different industrial operations within the product lifecycle, from the design
to the manufacturing and (after-sales) services [21]. In manufacturing, a DT can be
linked to a product, a specific machine tool or process, a production system, or a
whole factory. Virtual models composing a DT can be employed to verify, validate,
and evaluate the performance of the physical counterpart along its lifecycle phases
using integrated tools for optimization, simulation, monitoring, and control. Herein,
the attention is focused on the factory as a whole, seen as the logical aggregation
of its main components, i.e. products, processes, resources, and production systems.
The IDEF0 diagram shown in Fig. 1, based on the work by Urgo et al. [22], rep-
resents the main activities in a factory lifecycle; such activities can also be applied
to a single production system composing the factory. This type of diagram helps
highlight how a DT must be able to cope with data flows and the heterogeneity of
digital tools in manufacturing applications. Based on the requirements to be met
and the set of selectable resources, the activity Design Factory (A1 in Fig. 1) deals
with the design of a factory (or production system) in terms of hardware configura-
tion, process plans, specific fixtures, and inspection systems. The activity Construct,
Install, and Maintain Factory (A2 in Fig. 1) implements the decisions taken during
the (re)design phase and continuously updates the state of the factory (or production
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Fig. 1 IDEF0 diagram representing the main activities in a factory lifecycle that can be supported
by DT technologies, based on [22]

system) based on possible failures and reconfigurations. The activity Execute and
Monitor Factory (A3 in Fig. 1) receives as input the orders and the actual factory
(or production system) configuration to plan the manufacturing execution tasks that
must be appropriately monitored, thus triggering possible reconfigurations.

This paper aims to provide an overview of the main challenges and foster the
development and adoption of DT-based analysis, elaboration, and decision-support
tools in academic and industrial contexts.

Section 2 briefly addresses the state of the art in DT for manufacturing. Taking
advantage also of the literature, Sect. 3 defines a list of relevant challenges for suc-
cessfully exploiting DT technologies integrated into the factory digital infrastructure
to model the characteristics and evolution of products, processes, and production
systems.

Section 4 presents manufacturing case studies showing the implementation of DT
integrating methodologies and tools for designing and managing production pro-
cesses and systems while also exploiting advanced visual DT interfaces for training
and evaluations in a virtual environment. Finally, Sect. 5 draws the conclusions.

2 State of the Art

The precursor to what will come to be known as digital twins was the mirror environ-
ment which engineers at NASA developed during the disastrous Apollo 13 mission
in an attempt, proven successful, to recreate a remote real system in order to deter-
mine the correct approach to recreate an air purifier [23]. However, it would take
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three to four decades of technological advances, characterized by the development
of communication technology, IoT, sensor technology and big data analytics before
the digital twin became central in industry [1].

It is difficult to find a universal definition of a digital twin since this varies some-
what depending on its key aspects. A summary of the definitions across literature can
be found in the survey by Barricelli et al. [5]. However, it is possible to give a uni-
versal description of what a digital twin must be able to do in order to be considered
as such, i.e. “A digital twin [âŁ¦] continuously predicts future statuses (e.g., defects,
damages, failures), and allows simulating and testing novel configurations, in order
to preventively apply maintenance operations” [5]. Tao et al. [1] specified that a com-
plete DT should include five dimensions: physical part, virtual part, connection, data,
and service. In addition, the authors define the four main theoretical foundations of
DTs: (1) DT modelling, simulation, verification, validation, and accreditation, (2)
data fusion, (3) interaction and collaboration, and (4) service.

Considering the vast literature on Digital Twin in manufacturing, this section
presents a brief overview of the contributions based on the different integration
levels, i.e. thewhole factory (Sect. 2.1), production system (Sect. 2.2), and production
process at the single machine (Sect. 2.3).

2.1 Digital Twin of Factories

Stark and Damerau [4] proposed a framework for the classification of digital twin
applications in manufacturing according to eight criteria: (1) the depth of the inte-
gration (e.g. single machine tool or whole factory), (2) the connectivity mode, (3) the
update frequency, (4) the degree of intelligence and how automatic and autonomous
it is, (5) the simulation capabilities, (6) the richness of the digital model, (7) the
way the digital twin interacts with humans, (8) the phase of the lifecycle where it is
adopted.

Data modelling and Internet of Things (IoT) play a key role in the uptake of DT
technologies. Indeed, several initiatives are addressing the standardization of asset
digital information models in the scope of Industry 4.0: IEC (TC 65 and its working
group WG16 on Digital Factory), ISO (TC 184), W3CWeb of Things,1 ETSI Smart
Appliances,2 oneM2M,3 DIN SPEC 91345 (Reference ArchitectureModel Industrie
4.0-RAMI4.0). Among these initiatives, RAMI4.0 [24] describes a reference archi-
tecture model in the form of a cubic layer model, which provides an architecture
for technical objects (assets) in the form of layers, and allows them to be described,
tracked over their entire lifetime and assigned to technical or organizational hier-
archies. It also describes the structure and function of Industry 4.0 components as
essential parts of the virtual representation of assets.

1 https://www.w3.org/WoT/.
2 https://www.etsi.org/technologies/smart-appliances.
3 https://www.onem2m.org/.

https://www.w3.org/WoT/
https://www.etsi.org/technologies/smart-appliances
https://www.onem2m.org/
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Focusing on the synchronization between physical and digital factories,Modoni et
al. [25] highlighted possible benefits and technical challenges. Some relevant benefits
are related to the production process management along the product and factory
lifecycle, the closed loop optimization between real and virtual, the decentralization
of production control, the enhancement of smart products, and the support of teaching
factory activities.

Sharma et al. [26] recently presented a review addressing practical applications
of DT, in particular, the gap between concept and implementation, the relation with
AI, and the impact of the specific domain.

2.2 Digital Twin of Production Systems

Negri et al. [27] proposed a comprehensive review on the application of digital twin
in manufacturing industries, summarizing the definitions of DT and possible uses
related to production systems (e.g.monitoring,maintenance, predicting performance,
virtual commissioning, optimization of design and management).

Uhlemann et al. [28] addressed the potential of real-time data acquisition and
simulation based on these data, particularly for learning factory applications.

Cimino et al. [29] reviewed digital twin applications in manufacturing, focusing
mainly on manufacturing systems. They classified relevant contributions based on
various criteria, namely application purposes, system features, DT implementation
features, and DT services defined according to Tao et al. [30]. In addition, the authors
provide guidelines for developing a DT, taking as a reference the production line
installed in a university lab.

Terkaj et al. [31] developed a prototype digital platform to support the early
design of roll shop systems by integrating graphical user interfaces, discrete event
simulation, and virtual reality tools by exploiting an underlying ontology data model.

Park et al. [32] analyzed the challenges inDT development for cyber-physical pro-
duction systems. In particular, the authors identified open problems to be addressed,
such as (1) the discrepancy between a digital model and the real system, (2) interac-
tionwith BigData, (3) integration of heterogeneousmodels, (4) responsiveness in the
case of time-critical systems, and (5) security. The typical use case scenarios of DT
found in the literature include root-cause failure analysis and predictivemaintenance,
high-fidelity simulation, closed-loop real-time control, and 3D visualization.

Since production systems are continuously evolving, the generation and update
of DT can be time and cost-consuming. Thus, reiterating the centrality of data and
models in DT, Lugaresi and Matta [33] proposed a method to automatically dis-
cover manufacturing systems and generate digital twins by elaborating more or less
structured data such as data logs.
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2.3 Digital Twin of Production Processes

The Digital Twin of production processes must be capable of designing and sim-
ulating the entire process from a stock part to a finished one, acquiring data from
the manufacturing process and taking into consideration the inspection stages of the
resulting product and having in mind that optimal design of machining setup, cutting
tools and process parameters are of paramount importance [34].

Adeniji and Schoop [35] defined a digital process twin (DPT) as an accurate, fast,
and efficient virtual process representation that considers the impact of a unit man-
ufacturing process on the physical characteristics of a workpiece, fusing physically
informed models and measured data to optimize a given process. This approach is
intended to symbiotically augment the popular DT concept, which acts on a higher
“systems” level to integrate the entire product life cycle digitally.

Botkina et al. [36] proposed amethodology for the construction of a digital twin of
a cutting tool. The digital twin is based on the ISO 13399 cutting tool data represen-
tation and exchange to make it compatible with software servicing cutting tools. In
order to enable data exchange between different machines with different protocols,
a purpose-made information system architecture was developed.

Digital twins can also be applied for the preliminary study of machine recondi-
tioning to design and validate a machine reconditioning without the need to have the
availability of the physical machine, drastically reducing downtime [37].

Liu et al. [38] presented a modelling approach for the design and execution of
machining processes by exploiting DT technology. The method was tested in a case
study on producing marine diesel engine parts.

Tao et al. [30] proposed an integrated approach exploiting the DT for product
design (including conceptual design, detailed design, and virtual verification), prod-
uct manufacturing, and product service.

Bao et al. [39] defined process digital twins as three-dimensional models that
support the manufacturing process, including the manufacturing procedure model,
process attribute information and asset digital twins.

Modoni et al. [40] presented a methodology to optimize micromanufacturing
processes, specifically micro injection moulding, taking advantage of digital twin
technology. The authors tested the approach in a real case study.

3 Challenges

Despite the extensive literature and vast amount of applications and software tools,
the full exploitation of DT in manufacturing is still hindered by technical and orga-
nizational limitations that must be addressed by research and innovation initiatives.
Taking advantage of the literature (Sect. 2), this section lists some of the most rel-
evant challenges that are grouped again according to the integration level, i.e. the
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whole factory (Sect. 3.1), production system (Sect. 3.2), and production process at
the single machine (Sect. 3.3).

3.1 Challenges for Factory DT

Several challenges should be considered for the definition and implementation of a
holistic model and architecture able to effectively lead to broader and at-scale adop-
tion of the DT concept in factories. General challenges to developing and imple-
menting the DT in factories are mainly technical and can be defined as follows:

CF1 Ensuring the connection, synchronization and consistency between the DT
and the real factory, including data accuracy and reliability of both realms,
while coping with possible discrepancies and exploiting high-speed trans-
mission [3, 25, 26, 32, 41].

CF2 Enabling the efficient harvesting and management of real-time data, together
with the persistence and accumulation of the historical data [25], often in the
form of Big Data [32].

CF3 Integrating advanced methodologies that can benefit from the DT potential,
with the support of Advanced Simulation and Forecasting Tools [25].

CF4 Generation, synchronization, and integration of DT models, thanks to the
development and acceptance of communication protocols, a consolidated
vocabulary and a universal language to be generally adopted for standard-
ization in modelling [3, 21, 30, 38, 41, 42]. In addition, DT models may
have different levels of fidelity [43, 44].

CF5 Enhancing the interoperability between the various parties, and thus the har-
monized integration of different software systems used in production lifecy-
cle [25, 26, 32, 41, 45].

CF6 Granularity of the synchronization process. High-Performance Computing
and multi-scale models can be breakthrough technologies for representing
evolving products, processes, and systems [25, 26, 45].

CF7 Security issues and company concerns regarding data and cybersecurity,
including IoT security, cross-industrial partner security, and leak of real-time
monitoring data [3, 26, 32, 45, 46]

CF8 Complying with the regulations at the personal, enterprise, local, national,
and international level [30].

CF9 Tackling the resistance to change and cost limitations from manufacturing
companies, especially small and medium enterprises [30].

CF10 Lack of structured training programs at the university level to prepare engi-
neers with hands-on experience in DT development and use [45, 47].
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3.2 Challenges for Production System DT

The challenges for production systems are related to the difficult exploitation of
DT in existing manufacturing systems equipped with traditional machinery that is
hierarchically based on the automation pyramid, i.e. long-term planning with ERP
and operation execution controlled by the MES:

CS1 Connection of the DT environment to the control system of the physical equip-
ment [29] (cf. CF1).

CS2 Use of DT for decision-making in production systems, possibly with auton-
omy and real-time supervision, integrating an independent and self-governing
control decision-making functionality [48].

CS3 Only a limited set of services are offered in one single DT application, also
because some services need a 3D graphic interface and others only need data
analysis without any visualization [29] (cf. CF5).

CS4 Study of strategies for distributing intelligence and data of the DT close to the
various production resources [25].

3.3 Challenges for Production Process DT

Most of the challenges for production processes DT can be defined as a specialization
of the general challenges for factories (Sect. 3.1):

CP1 Efficient and robust machining process models are hindered by a lack of real-
istic model input and a poor understanding of underlying process physics [35,
38]. Ultra-high synchronization, fidelity, and responsiveness between the vir-
tual and physical space [30] are needed to cope with time-critical contexts [32]
(cf. CF1).

CP2 Despite the large amount of information generated by the machining process,
the machining information is not fully exploited and used in real-time. Opera-
tional data are incomplete or missing due to a lack of acquisition systems [38,
42] (cf. CF2).

CP3 Multi-domain and multidisciplinary integration of knowledge stemming from
process design, process information management, process execution and pro-
cess inspection [38] (cf. CF4).

CP4 Connectivity and interoperability problems due to the multi-sourced hetero-
geneous data [38, 42] (cf. CF5).

CP5 High-performance computing and multi-physics/multi-scale interdisciplinary
need to be addressed and improved to realize real-time smart analysis and
prediction [30] (cf. CF6).

CP6 Limited understanding of a DT from shop-floor workers, therefore upskilling
and learning programs are needed to enable the DT exploitation at the shop-
floor level [20, 42] (cf. CF9).
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CP7 Decision-making activities at the process level still rely on manual operations
and human interactions. The research challenge is to develop cognitive digital
twins able to interoperate with other digital twins and humans in a seamless
way [21, 42, 49].

4 Case Studies

This section presents industrial and lab case studies demonstrating the potential of
DT in manufacturing applications. These cases help show the relevance of enabling
technologies and provide guidelines for exploiting DT, paying attention to required
competencies and data sources while referring to the challenges defined in Sect. 3.

The case studies tackle manufacturing workflows that can be framed in the factory
lifecycle shown in Fig. 1. Herein, the attention is focused on the Design Factory (A1
in Fig. 1) and Execute and Monitor Factory (A3 in Fig.1) activities that are further
decomposed in Figs. 2 and 3, respectively.

These diagrams provide a common framework for the case studies. Specifically,
Sects. 4.1 and 4.2 present case studies about process design, execution, and moni-
toring, whereas Sect. 4.3 deals with a case of manufacturing system design.

4.1 Extrusion Male Case Study

The objective of this case study was to virtualise, simulate, and evaluate the outcome
from a digital twin of a milling cycle to detect possible defects on the final part

Fig. 2 IDEF0 diagram representing the decomposition of the design factory activity
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Fig. 3 IDEF0 diagram representing the decomposition of the execute and monitor factory activity

before or after the execution of a trial workpiece (cf. CP3, CP6, CP7) (A34 in Fig. 3).
In this situation, where a correct part program must be prepared for manufacturing
the part by 5-axis milling, a CAM software tool should be used for designing the
manufacturing cycle by selecting the right tools, strategies and parameters (A11 in
Fig. 2), but also a simulation software (e.g. CGTech Vericut) helps test the obtained
and post-processed G-code against collisions, cutting forces and product final quality
(A33 in Fig. 3). It is important in this phase that the simulated final part geometry is
compared with the nominal one to detect CAM programming errors and solve them
by going back to process planning (A11 in Fig. 2). When an actual trial is executed
on the machine, as it happened in this case study, the real part must be compared with
its digital counterpart (A35 in Fig. 3). If a defect is present in both the physical and
digital workpiece, then the defect is not due to malfunctions during its execution on
the machine tool, but it was generated during the manufacturing cycle design with
CAM; thus, the process plan must be updated. Otherwise, the defect is generated
at the machine execution level, and it may be caused by excessive tool runout, tool
deflection or wrong process parameters for themachine or tool performance (cf. CP1,
CP2). In this case, a more extensive reconfiguration may be needed (A11, A12, or
A13 in Fig. 2).

The use case workpiece is an extrusion male for plastic materials developed at
MI_crolab of Politecnico di Milano [50]. The extrusion male aims to force the mate-
rial flowing around it and within the die to assume a specific cross-section in the
final product, i.e., a catheter in this case. A 3D digital twin of the 5-axis Kern EVO
machine, used to process the workpiece, is shown in Fig. 4.
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Fig. 4 Indexing head used by the Kern EVO together with the workpiece (in yellow) in a screenshot
of Vericut

Fig. 5 Extrusion male at the end of the part program number 2.1

The overall machining process consists of 25 part programs. Various pictureswere
taken at different stages of execution (A34 in Fig. 3) to enable the comparison of the
results from theDTwith those obtained during the actualmanufacturing. Fig. 5 shows
such comparison after the execution of part program number 2.1, which concerns
the first roughing of the sides of the extrusion male to produce chamfers that will
increase the robustness of the structure. It can be seen that the two images have a very
high level of matching. The terracing effect produced by the side roughing matches
the one simulated within Vericut, as does the peripheral area to the machined one,
which is sometimes cut as the cutting tool disengages from the workpiece.

All 25 part programs were eventually simulated with success, with no collisions
detected. The simulation detected a step on the final part that corresponded precisely
with the real part (compare left and right pictures in Fig. 6), demonstrating a clear
case of an error from the milling strategy designed with the CAM. Furthermore,
Fig. 6 shows the presence of material between the six pins because the last six NC
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Fig. 6 Vericut-simulated final part (left); CAD model (center); SEM image of the real part (right).
Boxes highlight the presence of a step where the geometry should have been smooth according to
the CAD model

programs needed to remove such material between them were executed by a hand-
written G-code and not simulated, even if Vericut could also do that.

This use case demonstrates how a process digital twin helps detect defects prior
to executing the manufacturing cycle on the machine tool. The recommended use of
this kind of DT is both before and after machining the first part. Indeed, comparing
the simulated part with the machined part enables the detection of the specific type
of error applied. However, manufacturing one test part is not always possible, for
example, when parts are complex and expensive. In this case, the process DT must
be even more accurate and capable of exchanging information with the real twin
during the manufacturing cycle execution, thus posing issues with data management
(cf. CP3), connectivity (cf. CP4), real-time simulation and interactions (cf. CP5)
between twins. Only in this way could issues be solved online while they are taking
place.

4.2 Smart Sawing Machine Case Study

The second case study aimed at making smarter an existing sawing machine (i.e.
activities A11, A12 in Fig. 2 are already completed) by reconfiguring this production
resource (A13 in Fig. 2) with a system that is set up (A14 in Fig. 2) to continuously
monitor the cutting process through the collection and analysis of data coming from
the servo-drives together with the data collected by a set of sensors installed on the
machine head (cf. CP2). The goal was tomonitor the evolution of tool wear and avoid
critical conditions when sawing tubes or profiles (A34 in Fig. 3) by integrating data
related to process design and process execution (cf. CP3). In these applications, the
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Fig. 7 Development of the smart sawing machine: a overview of the cutting area; b graphical
interface of the real-time simulator and monitoring system

Fig. 8 Smart sawing machine data processing infrastructure

loading conditions and chip formation vary enormously, and the cutting parameters
should be carefully designed.

The digital twin was implemented in the panel PC of the sawingmachine (Fig. 7a)
and consisted of a real-time processor and an additional graphical interface for the
user (Fig. 7b). As shown in Fig. 8, the real-time processor continuously receives
the feed axis position from the PLC. Given the geometrical configuration of the
operation (A11 in Fig. 2), the process simulator can estimate the cutter engagement
and calculate the expected feed force and torque (A33 in Fig. 3). The advanced
monitoring module then used these data to verify whether sensor data and other
quantities were consistent with the real-time simulation (A34 in Fig. 3). In case
of significant differences between simulated data and signals, an alert was set for
the operator and the PLC that was programmed to stop the operation automatically
accordingly (cf. CP1).

Sawingmachines are expected to produce high volumes of productwithout requir-
ing the presence of a human operator. Therefore, it is important to havemachines able
to detect process deviations and automatically stop when needed (cf. CP7). With the
digital twin, the accuracy in the detection of critical conditions was greatly improved
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from conventional approaches based on basic thresholds. Moreover, a limited set of
machine and tool status indicators were identified and collected, thus enabling future
improvements aiming at servitization.

4.3 Celada Case Study

The benefits of Industry 4.0 technologies are often applied to manufacturing exe-
cution (e.g. shop-floor data collection, monitoring, maintenance) but can also be
exploited for production system design activities. The benefits can be relevant for all
stakeholders, including machine tool builders, system integrators, and end users. A
typical problem shared by several industrial domains is the concurrent generation of
technical and commercial bids after receiving multiple requests for quotation from
various potential customers [51]. The preliminary design of turnkey production sys-
tems is particularly critical because these customized projects involve a large number
of stakeholders in a short period while substantially impacting competitiveness and
profitability (suitable commercial offer). The high customization levels required by
different customers limit frugal innovation and jeopardize standardization for any
original equipment manufacturer. Production system design activities are more and
more supported by methodologies and digital tools that would benefit from a DT
integrated approach (cf. CF5, CS3, CP7) to improve the effectiveness and efficiency
of the bid generation phase. In particular, DT can improve success factors [31] such
as: (1) speeding up the design phase thanks to semi-automaticworkflows, (2) offering
the potential customer a set of alternative solutions, (3) performing accurate analysis
and simulations to demonstrate the validity of the proposed technical solution and
costs, (4) enhancing the design solution with 3D visualization to communicate better
and increase the engagement of the customer.

Herein, we present the case of Celada S.p.A designing turnkey robotic produc-
tion cells. Currently, the early design for this type of system is strongly depen-
dent on the involved actors and highly resource-consuming since all the activities
in Fig. 2 must be carried out, including process planning, resource configuration
(e.g. machine tools, cutting tools, cutting parameters), integration and interconnec-
tions betweenmachines and control systems. Developing a comprehensive DT-based
design workflowwould be a breakthrough solution to manage the evolution of linked
models assets, manufacturing operations and parts while exploiting and formalizing
the knowledge of operators (cf. CF4). Issues related to this use case are also addressed
by the project DIGIMAN4.0 [52].

Figure 9 shows an example of a robotic production cell visualized in a VR envi-
ronment. The digital model of the cell was developed using digital tools presented
in [47] and is available online.4

This specific cell produces cylindricalmechanical components and consists of two
CNC lathes executing two different sets of machining operations. A 6-axis industrial

4 https://difactory.github.io/DF/scenes/DFProductionCell/glb.html.

https://difactory.github.io/DF/scenes/DFProductionCell/glb.html
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Fig. 9 Virtual reality representation of the production cell (Courtesy of Celada S.p.A.)

robot deals with the handling of the work-in-progress parts thanks to an end-effector
with three grippers. In addition, the cell includes a cleaning machine that removes
dust and metal chips after the turning operations, a poka-yoke jig to check the size
of the parts, and a measurement table to perform quality control on the finished part.

The development of an integrated digital model of the robotic production cell
also supports virtual commissioning by integrating data from multiple sources and
tools: CAD 3D, discrete event simulation, and process simulation (robot simulation)
(cf. CF3). After installation, the digital model can be further exploited to create a
good DT that supports the manufacturing execution (cf. CS1) and decision-making
(cf. CS2).

5 Conclusions and Perspectives

The scientific literature and industrial case studies show that state-of-the-art tech-
nologies still provide only partial solutions for DT in manufacturing because of the
lack of agreement among actors and tools dedicated to dealing with data related to
products, processes, and factories. Even integrated and sophisticated PLM suites can
hardly meet the requirements of capturing, representing and sharing a wide range
of data along the product/factory life cycle, thus not supporting effective knowl-
edge reuse. Moreover, large PLM suites are not adequate for the needs of Small and
Medium Enterprises (SMEs) because they are characterized by high complexity and
lack of customization, together with high purchase, management, and training costs.

Research and innovation are necessary to develop innovative solutions (e.g. open,
neutral, and scalable digital platforms for data exchange) beyond the state of the
art to support the development and management of factory DT while guaranteeing
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democratization of the analysis and simulation approaches.Newsolutions forDTwill
need to be interoperable and non-disruptive for the existing situation. The upgrade of
legacy technologies should be favored so that change management can be properly
addressed in a customized way. Small andmedium-sized ICT companies can provide
complementary solutions for big commercial players in digital factories, mainly to
support industrial SMEs. The development of lab-scale or industrial-scale pilot plants
can help to assess and appreciate the potential of new digital approaches, thus also
representing an opportunity for economic growth.

Moreover, the usability and sharing of DTmodels can be enhanced by introducing
service-oriented architectures (SOA), i.e. solutions that are typically web-based and
provide applications as services/functions within a platform with remote access.

Finally, standardization is paramount and requires the collaboration of several
stakeholders, i.e. small-medium-large companies, technical committees, universities,
research institutes, and ministries. Coordination is needed to reach solutions based
on consensus, not partial (commercial) interests. Beyond standardization, guidelines
and best practices are also needed to support data interoperability.5
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1 Introduction

The sea is an opportunity for growth to create new jobs, support competitiveness and
empower social cohesion [1]. For this, in the last decades, the European Union has
pushed the Member States to activate an integrated maritime policy by providing
specific financing instruments, firstly, within the 2014/2020 Programs and, in the
next, within “Horizon Europe” [2], and by encouraging both the activation of policies
such as the Joint Programming Initiative Healthy and Productive Seas and Oceans
(JPI Oceans), the EUSAIR strategy and the BLUEMED andWESTMED initiatives,
and the creation of clusters as aggregators and centers of excellence for economic,
research and innovation activities. Developing a Blue Economy is also in accordance
with the goals of the 2030 Agenda for the sustainable development of the United
Nations; particularly, with the goal no. 14 “Conserve and sustainably use the oceans,
seas and marine resources for sustainable development”. This European vision is
reflected in the 2021/2027 National Research Program: i.e., in the Italian one, among
the intervention areas play a strategic role knowledge, technological innovation and
sustainable management of marine ecosystems [3].

Since 2009, the EU Blue Economy fields, characterized by the largest growing
in terms of Gross Value Added (i.e., GVA), are Living resources (+31%) and Ship-
building and repair (+39%). These last also show a positive trend in terms of overall
gross investments (i.e., respectively, 12.6 and 8.6% respect to 2009), despite their
contribution to the Blue Economy investments is still small compared to other sectors
with decreasing investments.

The Shipbuilding and repair industry could become a key sector for the global
transition towards a sustainable production paradigm as the market share is around
6% of the global order book in terms of compensated gross tonnage and 19% in
terms of value (for marine equipment, the share rises to 50%).

In the global shipbuilding industry, the European Union plays a strategic role
due to both the continuous investments in research and innovation and the highly
skilled workforce. Its industry is currently composed of about 300 shipyards, which
are specialized in building and repairing complex and technologically advanced
civilian and military vessels and platforms, generating a production value of about
e42.9 billion yearly and directly employing about 300,000 people. The entire supply
chain is composed by about 22,000 equipment suppliers and service companies that
generate a production value of about e125 billion yearly and create 576,000 direct
jobs and 500,000 indirect jobs.

Figure 1 reports, respectively, the trends of persons employed and GVA of EU
shipbuilding industry. Particularly, Germany leads the sector with 17% of the jobs
and 25% of the GVA, followed closely by France and Italy with 14% of the jobs each
and 21 and 19% of the GVA, respectively.

The specialization segments, characterized by high technological level and added
value, are cruise ships, offshore support vessels, fishing vessels, ferries, research
vessels, dredgers, mega-yachts, tugs, other non-cargo carrying ships, and advanced
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Fig. 1 Persons employed and GVA in EU shipbuilding industry

maritime equipment such as propulsion systems, large diesel engines, environmental,
and safety systems, cargo handling and electronics.

The economic and financial crisis of 2008 has changed the business model. Partic-
ularly, shipbuilders have externalized part of the workforce and, consequently, part of
the activities. Moreover, they have reduced the costs and restructured their capacity
by modifying production programs and supply chain.
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Moreover, pandemic emergency has severely hit European shipyards both on the
demand and production. In the first half of 2020, orders registered a 64% decline in
terms of compensated gross tonnage (i.e., CGT). The “ordering freeze” caused by
COVID-19 affected particularly the cruise sector [4, 5].

In this context, the main challenges of the EU shipbuilding industry can be
identified as follows [6, 7]:

– The Covid-19 crisis which has strongly impacted the sector involving a decrease
of 80% in new orders in 2020. It is expected that the niche markets (i.e., the
demand for passenger ships) will recover only after 2023–2024. So, it is needed
to activate investment to avoid losing key capabilities, talent, and knowhow in the
next 5 years.

– The transition toward Shipbuilding 4.0 and the progressive digitalization of
the industry (i.e., connection between smart vessels and ports/infrastructure
enhancing data flows).

– The EU Green Deal aiming to deliver the first zero-emission short sea ships by
2030.

– The retirement of workforce. It is expected that 40% of the current workers will
be retiring in the next 10 years.

– The high intra-EU mobility of workers and the need of having a highly skilled
workforce on the whole supply chain.

– The lack of a high-level training offer and the difficulty to adapt it to the techno-
logical needs of the industry. So, the companies increase their costs to create their
own schools to deliver training.

– The difficulty to attract talent, people with sectoral skills and women. The gender
gap issue is evident as women are only 20% of the workforce.

A possible response to the challenges is working on the “Sustainable, safe,
connected and autonomous ship” whose goals are:

– By the next three years: evolution toward an autonomy level AL4 (Lloyd classi-
fication)/AL6 (Sheridan classification), 10% reduction in greenhouse gas emis-
sions, refitting techniques for 10% reduction in emissions, treatment of 80%waste
on shipboard and 90% reduction in the resulting emissions; 3 dB radiated noise
reduction in the water for each vessel.

– By the next five years: zero emissions in port.
– By the next ten years: unmanned navigation without remote control also in envi-

ronments with traffic (i.e., inland waters, coastal navigation, etc.), 10/20% reduc-
tion of accidents during the navigation, increase efficiency by 25–30%, 40–50%
reduction in greenhouse gas emissions, pollutant reductions by 80%, airborne
noise reduction in port areas by 3dB, 10 dB radiated noise reduction in the water
for each vessel.

In recent years, also due to the pandemic emergency that has shown the low
resilience level of the socio-economic system, sensitivity towards the need to fight
climate change has significantly grown. The aim of the European Commission is not
only to reduce greenhouse gas emissions by supporting the energy and ecological
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transition sectors but also to build a Green Europe, which can protect climate and
environment by creating sustainable jobs. This is the basis of the European Green
Deal.

In this context, the role of transport industry (i.e., railcar and commercial vehicle
manufacturing, shipbuilding, and aircraft construction) is strategic to decarbonize
and move forward into a greener future meeting the goals of the EU Green Deal and
the Smart and Sustainable Mobility Strategy [8]. Particularly, when looking at the
EU’s greenhouse gas (GHG) inventory, which is produced under the United Nations
Framework Convention on Climate Change (i.e., UNFCCC), the transport sector
contributes about one third of the total EU GHG emissions. This contribution can
in turn be divided as follows: 0.5% rail, 14.4% aviation, 71% road (11.9% light
commercial, 26.2% heavy-duty, 61.9% light-duty), 13.5% marine [9].

In themaritime field, this can involve, for instance, the use of new fuels (i.e., LNG,
hydrogen, and biofuel), the installation of more efficient engines, the electrification
of the propulsion by batteries, the lightening of the structures. This last allows to: (i)
reduce the greenhouse gas emissions, (ii) increase the performance (i.e., higher speed
and lower consumptions), (iii) stabilize the ship by lowering the center of gravity and,
consequently, to better oppose the roll (i.e., this fact is useful mainly for the vessels
characterized by high dimensions such as the cruise ships). These actions create
strong innovation needs and lead to a radical change in a sector, characterized by:
low technological levels, productions focused on traditional processes and familistic
managements (especially when referring to small shipyards).

To reduce the vessel weight, it is necessary to introduce new materials. This
involve both newmanufacturing techniques and new alternative joining technologies
towelding or bolting. For instance, about the introduction of aluminum structures in a
vessel, which traditionally is made by steel, it is critical the study of the most suitable
joint between steel and aluminum. Consequently, the development of transition joints
between aluminum, steel and stainless steel represents an important technological
advance.

2 State of the Art

Modern ships are made up of thousands of sub-components and structural elements
which are joined together to make the complete assembly. Consequently, the joining
processes play a strategic role, and their accuracy and efficiency can significantly
impact on the shipbuilding competitiveness [10, 11]:

– Structural joints are extensive, i.e., in a large cruise ship, the total length can
be also 400 km. Moreover, they are a source of stress concentration and create
discontinuity in the load transfer.

– In terms of both work and cost, joining processes are about 50% due to direct
operations, reworks, and potential adjustments. The undirect operations can be
also 30% on hull production.
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– Under construction, the heat contribution during joining can induce both prema-
ture damages on preinstalled components and distortions the severity of which is
connected to the sheet thickness, the complexity of the structures, and the use of
advanced and/or dissimilar materials

– Applying one technology rather than another can led to structures with different
mechanical properties, new design solutions, and new properties/lightness ratios.

– The applicability of new materials, such as aluminum alloys, high-tensile steels,
and composites, and their combination depend on the availability of suitable
joining technologies.

2.1 Aluminum/Steel

The development of transition joints between aluminum, steel and stainless steel
represents an important technological advance.

The difficulty in welding of these two materials lies in their extremely different
physical properties that hinder the union through conventional arcwelding processes.
In fact, usually the carbon steels require temperatures of around 1500–1600 °C,while
the aluminum alloys are often welded at 700–800 °C and although these difficulties
can be overcome, the tendency to form large quantities of brittle iron/aluminum
intermetallic compounds creates a serious problem on the mechanical qualities of
the resulting joint [12].

When comparing Fe-rich and Al-rich intermetallic compounds, these last are
hard and brittle and they generate a worsening effect on mechanical properties, in
particular on the tensile strength of welded structures [13]. Thus, in steel-aluminum
welding it is strongly needed to minimize Al-rich brittle intermetallic compounds.

The fusion welding techniques, due to their high heat input, generate joints char-
acterized to layers of brittle intermetallic compounds, brittle failure, high porosity,
and poor mechanical performance [13–15].

To have good joints, the precautions to be taken are as follows: (i) reduction of heat
input; (ii) reduction of the work time; (iii) use of appropriate of filler materials. The
brazing technique, which reduces the heat introduced during welding, is commonly
combined with spot welding, tungsten inert gas (TIG) welding, metal inert / active
gas (MIG/MAG) welding and laser welding to join alloys of aluminum with steel
[16]. During this hybrid welding, the aluminum part melts and wets the steel. Filler
materials compatible with aluminum and steel, such as zinc-based or Al–12Si-based,
are used to improve the diffusion of aluminum in steel and balance the formation
of Fe-Rich and Al-rich intermetallic compounds during fusion welding. Zinc can
improve the wettability of steel by aluminum [17], while silicon can reduce the
thickness of the layers of intermetallic compounds [18].

The laser beam is an excellent source of heat to join thin aluminum plates to steel
plates, thanks to its ability to act in a very small area; in addition, the metallurgical
interaction between iron and aluminum is reduced due to the high speed of the
process.
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An alternative welding technique known as solid-state welding produces a true
weld below the melting point between materials of similar and dissimilar nature,
normally without the addition of filler material [19]. This process exploits both
plastic deformation and atomic diffusion.

The advantages of solid-state welding are connected to the ability to obtain precise
welds without the need of other manufacturing processes, and to the ability to weld
two ormore surfaces during a single cycle. Other advantages are in terms of reduction
of the following critical issues: oxidation problems, porosity, hydrogen solubility,
and formation of intermetallic compounds due to the relatively low temperatures
than the arc welding processes. The disadvantages are connected to a longer welding
execution time compared to fusion or brazing welding and a limit on the dimensions
of the parts that can be welded. Moreover, the presence of this technology in the
industrial field is limited essentially due to the low versatility of the systems, which
are not suitable to junctions with a geometry different from that for which they are
designed.

The main solid-state welding processes are friction, explosion, diffusion, and
ultrasonic [20]. Among these, certainly the most promising techniques for naval
applications are the explosion welding and the friction stir welding.

Explosive welding (EXW) is a solid-state welding process, realized by oblique
high-velocity impact between two materials caused by an explosive detonation. It is
an alternative for joining aluminum and steel alloys since excessive melting can be
avoid even for larger sized joints. A distinctive feature of explosively welded joints
is the wave-like interfaces [21].

After a wide research program, this technology is used in shipbuilding, typically,
on several materials such as steel, aluminum, and titanium [22] for several applica-
tions including: joining aluminum superstructures to steel decks, joining aluminum
decks or bulkheads to steel hulls, adding permanently connected elements to existing
ships during their refitting, such as pillars, bulkheads, equipment containers and even
helipads [23].

Friction welding is a solid-state welding process, in which heat is generated by
mechanical friction between two pieces when they rotate or move against each other.
At the same time a lateral upset force is applied inducing the formation of a joint
with the several advantages that include absence of filler metal, flux, and shielding
gas, high efficiency, and short operation time.

Rotation speed, friction pressure, friction time, and forging pressure are the
process parameters that influence the heat generation, the material flow and, conse-
quently, the microstructure, the residual stresses, and also the possibility to join
similar or dissimilar materials [24].

Friction stir welding (FSW) is an updated process of friction welding where a
rotating, non-consumable tool generates frictional heat and joins materials. Partic-
ularly, the non-consumable tool rotates and plunges into the interface of the work-
pieces. The tool then moves along the interface line generating a frictional heat
that makes the material hot and soften. Then, the rotating tool mechanically mixes
the softened material producing high-quality joints in both similar and dissimilar
materials in just a short time span [25]. The main advantages are: good mechanical
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properties, high safety due to the absence of toxic fumes or spatter ofmoltenmaterial,
automation, lower set up costs, less training, possibility to join complex geometries,
minimal distortion, low environmental impact.

This process is rapidly replacing all fastening technologies such as riveting. In
shipbuilding and marine applications, FSW is used to make panels for decks, sides,
bulkheads and floors, hulls and superstructures, helicopter landing platforms, masts,
and booms.

Consequently, the most suitable welding methods for joining dissimilar materials
are those in the solid state. However, the production of transition joints involves
some difficulties. They are not easy to manufacture, they are expensive, and they are
available in limited forms. For these reasons, there is a wide literature that studies
the application of traditional and/or advanced joining processes to weld dissimilar
materials and achieve transition joints in an optimal way.

2.2 Metal/Composite

The introduction of composite materials in the recreational boat industry has leaded
to a revolution that has significantly changed the way to design and produce ships.
Particularly, composites are widely applied due to the good corrosion resistance, the
possibility of making complex shapes, and the high specific strength and stiffness.

Typically, it is possible to identify three different techniques to join composite
structures, laminates od sandwiches [11]:

– Over-lamination: some glass fiber fabrics are hand-laminated between the parts
to be joined.

– Adhesive bonding: a natural or synthetic mixture in a liquid or semi-liquid state
bonds items together.

– Mechanical fastening: the structures are drilled and then assembled by a fastener
(i.e., button, zipper, bolt, screw, rivet).

In recent years, is growing the use of composite materials, also in other ship-
building fields (i.e., cruises or military), coupled with other materials such as
aluminum or steel [26, 27].

Large ships require less weight, more stability, higher speed, more comfort and
more safety and the possibility to make components, which are characterized by
a significant reduction in the weight without compromising the mechanical perfor-
mance, promotes the introduction onmarket of green transport solutions (lighter and,
consequently, characterized by lower greenhouse emissions).

To guarantee the efficiency of a multi-material component, the attention of ship-
builder must be focused on the joining systems by optimizing the design; the finite
element modelling; the surface treatments, and the combination of more technolo-
gies (i.e., bonding and riveting). The aim is to develop suitable joining methods to
allow the application of composite structures to conventional metallic structures.
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In the field of these technological improvements, structural adhesives offer several
advantages such as uniform distribution of the stresses, no galvanic corrosion, good
manufacturability, and watertightness.

For aluminum alloys, the trend is to combine adhesives with bolting or riveting.
For composites, where it may be necessary to avoid drilling or changes in geometry,
bonding is becoming predominant. In fact, the drilling process can induce several
defects in a composite structure [28]:

– Delamination: the reinforced fiber plies separate due to peel-up or push-out
phenomena.

– Burrs: uncut fibers and fiber pull-out occur on the machined edges of composite.
– Tearing: it is a form of delamination damage, which mainly occurs on the

outermost material layer.
– Surface cavities: it is a typical cut surface morphology. Particularly, it is a

discontinuous surface fracture caused by special fiber fracture mode.
– Glass transition failure: it is a thermal damage of composite matrix, caused by the

glass transition of thematrix base,which leads to the degradation of the composite.
– Borehole damages: the drill scrapes the material off with the effect of high feed

rather than cutting.

Moreover, the riveted, bolted, or welded components are thick to prevent prema-
ture breakage, the bonded elements can be thinner and, consequently, lighter. This is
strategic in the choices leading the construction of cruise ships where the lightness of
the upper decks, where often are installed swimming pools or other leisure facilities,
means to keep lower the vessel center of gravity and, consequently, to give higher
stability [26].

For this fact, only the technology ofmodern industrial bondingmakes it possible to
safely join aluminum (or another metal) and composites. Structural bonding between
dissimilar materials is used, for instance, in the assembly of cruise ships’ kitchens,
air conditioner floors, deck linings, seating floors and windows.

Generally, adhesive joining technologies for composite and metallic structures
are classified into:

– Co-curing, with and without adhesive: it is the process of curing a composite,
including resins and adhesive, and simultaneously bonding it to another uncured
material. In the co-curing without adhesive, the bonding is guaranteed by the
excess of resin used tomake the composite structure with a high level of efficiency
if the parts are small, simple, or regular.

– Co-bonding: it is the process of curing a composite, including resins and adhesive,
and simultaneously bonding it to a dissimilar material (i.e., metal). A careful
surface preparation of the metal sheet is required. Also, in this case it is possible
to act without adhesive by using the excess of resin.

– Secondary bonding: it is the process of joining together two or more parts with
a third material which undergoes the chemical or thermal reactions. This process
requires a careful treatment of the substrates, a well-designed fixturing to align
and clamp parts.
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The secondary bonding, where the adhesion process is promoted by a third mate-
rial, which for industrial applications consists mainly in a structural resin, offers
several advantages: uniform distribution of the stresses, more controlled galvanic
corrosion, easy manufacturability and water-resistance [29, 30].

The performance of an adhesive bond depends on many factors:

– external such as temperature, humidity, and load,
– internal such as type of adhesive, type of substrate, overlap length and thickness

of the adhesive joint.

The treatment of the substrate surface allows to remove contaminants such as lubri-
cants and oils, control surface topography, and improve surfacewettability promoting
an intimate contact between substrate and adhesive and influencing the failure modes
that can occur at the adhesive-substrate interface (i.e., adhesive failure), in the adhe-
sive (i.e., cohesive failure), or in the substrate. If the failure occurs at the interface,
the surface must be treated according to adhesion theories to promote interlocking
[26].

Modern adhesives are extremely strong and are becoming increasingly important
in modern construction and industry.

3 Challenges

The technological needs connected to the development of components character-
ized by lightness and high performance, where two or more materials are together
combined, are strategic and, based on both the European rules analyzed in Sect. 1 and
the state-of-art identified in Sect. 2, National and Regional Programs focused their
attention on them by assigning significant resources and funding several research
and innovation projects.

Two significant experiences where industry requirements well match with
innovation actions are identified as best practices into the following projects:

– “TecHnology And materials for safe Low consumption And low life cycle cost
veSSels And crafts” (in the next called THALASSA) [31], funded by the Italian
Minister of University and Research on the National Operational Program on
Research and Innovation 2014/2020, with a budget of about 10 millions of euros.
Partners are the Technological District NAVTEC, the Sicilian Universities of
Messina, Catania and Palermo, the National Council of Research with some its
Institutes, the CALEF Consortium, the University of Calabria, the University
of Salerno, the Polytechnic of Bari, the National Agency for New Technolo-
gies, Energy and Sustainable Economic Development, the University of Rome
“La Sapienza”, the University of Udine, Fincantieri, Caronte & Tourist, the
Consortium for the Research and Development of Intermodal Maritime Transport
(CTMI), the paint factory Atria, and Azimut Benetti.
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– Soluzioni Innovative per Mezzi navali ad Alto Risparmio Energetico (in the next
SIMARE), funded by the Sicilian Region on the European Regional Development
Fund 2014–2020, with a budget of about 4 million of euros. Partners are the
Technological District NAVTEC, the Sicilian Universities of Messina, Catania
and Palermo, the National Council of Researchwith some its Institutes, Ficantieri,
and Intermarine.

3.1 THALASSA

The project THALASSA is organized in 5 operative work packages. Particularly,
WP1 entitled “Innovative technologies for the implementation of hybrid lightweight
structures optimized for design for disassembling” is devoted to test several different
joining methods, with regards to the ones connecting different material types (i.e.,
metal-composite, metal–metal, etc.). WP2 entitled “Bimetal connection systems for
high performance vessels” takes into consideration alternative welding processes
such as Friction Stir Welding to join different types of metal sheets.

In the last years, large shipyards, such as Fincantieri, have shown high interest
to develop multi-material components and, particularly, to use composite materials
for naval superstructures, as evinced in preliminary technological audits. The project
represents an opportunity to find a solution to their needs. The reference is an appli-
cation developed in [32], where the French Navy has implemented a superstructure
on its La Fayette class frigate in the form of a helicopter hangar by focusing its
attention on the joint between steel and composite sandwich with core in balsa for
using in the hull-superstructure and hull-bulkhead connection.

Building of this succssfull application, Fincantieri has taken care of the executive
planning and the optimisation of two structural joints btween steel hull and composite
superstructure, so identified:

– JointA: double overlappingmechanical adhesive hybrid joint to bemade on board.
It consists of a steel flange which represents the continuation of the ship’s steel
planking above the deck on which the composite superstructures are installed.

– JointC: adhesive hybrid jointwith single steel flange to bemadeon the groundwith
subsequent installation on board by welding steel/steel. It presents as adhering in
steel a single sheet bent suitably to follow the geometry of the sandwich panel.
Note that for the constructionof the sandwichpanel, the steel flange is incorporated
within the panel during the layering phase. For this purpose, the type of surface
treatment of the steel is of fundamental importance.

The sizing has required a careful analysis of the loads: (i) the total weight of
superstructures, equipment, systems and furnishing; (ii) the inertial forces generated
by the longitudinal, transverse and vertical accelerations of the ship in operation
(ship motions); (iii) the load of deformation of the hull generated by the effect of the
wave load. Moreover the joint have to be able to withstand to vibrations generated by
the equipment (i.e., up to 80 Hz), variations in the operating temperature (−20÷ 60
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°C), corrosion phenomena. Finally, for keeping the aesthetic aspect, the presence of
discontinuities must be avoided in the planking and the production process must be
able to integrate with the conventional processes that take place within the shipyard,
i.e. the presence of dust or grease in the environment or the geometric tolerances of
shipbuilding processes.

Also in military field the joining plays a significant role. Typically, on the basis
of a study performed by CTMI, bonding is preferred to fastening because it allows
a more uniform distribution of the stresses due to the larger coupling area. On board
of minesweeper and fast patrol units produced by the shipyard, this type of joint is
the most used; even if in some cases, where there are large components, bonding and
fastening can be coupled. The adhesive can be the same resin of the composite or
another structural material as a function of the specific application.

Figure 2 shows a typical section where the component 1 is the superstructure,
component 2 is the deck and component 3 is the hull. These can be made combining
different materials; i.e., different sandwiches with laminate composites or metal with
composite.

The bonding between the parts would be guaranteed by an overlamination that is
used to connect bulkheads and other important reinforcing elements to the adjacent
structure on both sides, where possible.

It consists of overlapping the layers made of fiber reinforced resin to form a large
patch fitted for the corner profile, known as T-joint o corner joint. It is important that
each layer is at least 25 mm longer than the previous (if not every layer would act
only on the previous layer and not on the surface of the elements to be connected)
with the exception of the first which must overlap by at least 50 mm on both the
connecting elements. Then the edges of the reinforcements of one layer must not

Fig. 2 Typical section
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Fig. 3 Diesel tank

only be juxtaposed, instead it is necessary to overlap with the same offset various
successive layers. This is in accordance with RINA requirements. A critical area
to take into account is the zone under the first layer that usually is not able to fill
correctly the corner between the joining elements [20].

Another study performed in the project is related to the connection of a diesel
tank to the bottom of the hull using a structural adhesive.

Particularly, Azimut Benetti has focused its attention on the sizing of the joint as
a function of the internal pressure, the geometry (i.e., flat or corner flange) and the
corrosion resistance in an oil bath. The whole structure, as reported in Fig. 3, has
been modeled with a finite elemen code.

3.2 SIMARE

The project SIMARE is organized in 4 operative work packages. Particularly, WP1
entitled “Innovative technologies for the realization of hybrid light structures” is
devoted to study and develop the most suitable joining systems for the connection
of both hybrid metal composite structures and bimetallic structures. Both types of
junctions are of interest of Fincantieri, for applications in mega yachts and cruise
ships, and of small shipyards, for small metal boats to be used for decontamination
or tourism.

The main studies have focused their attention on steel-aluminum joints realized
by Friction Stir Welding and explosion welding. Particularly, single lap friction stir
welded joint were realized between a S355J0 steel provided by Fincantieri and an
aluminum alloy AA5083.

Steel in quality S355J0 is a non-alloy carbon structural steel suitable for cold
forming. The range of use is very wide, ranging from carpentry applications to the
production of metal structures, tanks, to use in architecture, etc.

AA5083 is an aluminum alloy with magnesium and traces of manganese and
chromium. It is highly resistant in aggressive environments such as seawater and
industrial chemicals. It is characterized by exceptional strength after welding. Partic-
ularly, it has the highest strength of the non-heat treatable alloys. Its main application
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fields are shipbuilding, railroad cars, drilling rigs, coachwork, pressure vessels and
aluminum armor.

The process of FWS were realized by RIFTEC GmbH and it was done with
welding speed of 300 mm/min at 400 rpm using force control at 30 kN, both in
advancing and in retreating.

Figure 4a shows the top of the joint on the side of the aluminum evidencing the
friction are characterized by a length of 25 mm. Figure 4b shows the same sample
after the tensile test. In this case it is possible to observe the mixing area reduced to
a length of 10 mm.

Figure 5 shows the cross section of the joint. Steel particles can be observed in
lower area of aluminum weld nugget. At retreating side more steel particles can be
observed, reason is material flow direction. There are no imperfections like cavity.
Steel particle concentration at retreating side may affect mechanical properties.

Welding tool is pressing material with volume of tool pin upwards during
plunging. Part of this material is not ejected and results in higher distance of tool and
lower sheet at weld start.

Figure 6 reports the maximum loads for the friction stir welded joints by varying
the configuration (i.e., advancing and retreating). The different behavior is connected
to different dissipation of the heat generated during the process, in accordance to [33].

Fig. 4 Friction stir welded
joint, before (a) and after
(b) the tensile test
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Steel
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b
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Fig. 5 Cross section of qualification weld (A—start of weld/E—end of weld)

Fig. 6 Maximum loads for
friction stir welded joints
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Asimilar studywas performed on explosionwelded joints provided byNobelclad.
Figure 7 shows the typical failure mode of the joint where the aluminum sheet is in
the top and the steel in the bottom. Particularly, a maximum load of about 22 kN was
obtained.

4 Case Studies

The substitution of the traditional joining systemswith innovative ones is strategic not
only for the large shipbuilders but especially for the minor shipbuilding to introduce
innovation (i.e., new materials) by reducing the costs and increasing the productivity
levels.
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Fig. 7 Failure mode for
explosion welded joint

Particularly, in this section is presented a case study where a typical welding
process is substituted by a FSW process: i.e., the connection by structural elements
in the hull of a small ship such as a catamaran.

The most important parts of the structure of a catamaran are the ribs, 8 mm thick
construction elements that are located inside the hulls and make up the skeleton.
Particularly, these have the function of transversely stiffening the hulls, give it its
shape and act as a support for the main deck. To further stiffen the hull, flat bars are
welded with Metal-arc Inert Gas welding (MIG) to both locks, which extend longi-
tudinally. For the catamaran, the ribs are spaced from each other by approximately
700mm and there is only one bar per hull. In construction, the first operation consists
in the welding of ribs and bar.

Figure 8 shows the characteristics of the elements that must join with MIG
welding. Particularly, the figure focuses on the geometry of the rib, the notch
promoting the connection between rib and flat bar and the indication with the corner
when welding is applied.

In the case of welding with MIG technique, the flat bars have a section size
of 100 × 4 mm and a length of 8000 mm. To be welded to the ribs, both must
undergo preliminary cutting operations, to recreate a suitable notch for promoting
the interlocking.

After the assembly, the welding is carried out: the joints are “double T” type, they
must be welded in a vertical ascending/descending position and four different passes
are required to the success of the welding.

By introducing another joining process, the elements change, and the design must
be redefined as evidenced in Fig. 9:
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Fig. 8 Design of rib-bar
MIG welded joint

Typical 3D rib

Detail of the rib
and bar notch

Welding
position

– The geometry of ribs is modified increasing their width.
– The flat bar is substituted by a “L” profilate having 100 × 100 × 4 mm sizes.

After somepreliminary operations of cuttnig andbending, the elements arewelded
in “double T” and simple “T” joints using a Stationary Shoulder Friction StirWelding
process. This consists of a rotating pin having a height of 8 mm inide a non-totating
shoulder with a angle equal to 90°. The shaped shoulder holds the agitated material
and flows over the surface of the material during welding.
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Fig. 9 Design of rib-bar
friction stir welded joint

New 3D rib

Detail of the rib
and modified bar

FSW position

5 Conclusions and Perspectives

ThisWhite Paper highlights how the innovation in shipbuilding involves a significant
scientific improvement related to the use of new materials and, consequently, to
the introduction of innovative joining systems promoting especially the connection
between dissimilar materials.

The legislative framework pushes to lead toward the ship of future, sustainable,
safe, connected, and autonomous. This requires a significant effort on the part of
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both large and small shipbuilders to build vessels characterized by low greenhouse
emissions.

The state-of-art evidences the development of some processes such as friction
stir welding and explosion welding between dissimilar metals or structural bonding
between metals and composites.

The funding of some great research and innovation projects on the part of
national or local public administration with on European Programs shows which
of technological needs are strategic for shipbuilding and the possible solutions.

Finally, a case study shows how it is possible to substitute the traditional joining
technologies.

Consequently, the field of the joining in shipbuilding is in turmoil. In the next ca
be interesting not only to present other improvements but also the feasibility in terms
economic evaluating, for instance, risk assessment or LCA.
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Abstract Surface functionalization is emerging as one of the most promising
methodologies for properly improving surfaces, especially for biomedical applica-
tions. The possibility to tune surface properties improving the prosthesis performance
and their interaction with the human environment represents a challenging research
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area. The paper reports the most used surface functionalization for metallic bioma-
terials highlighting limitations and advantages of such technologies on the actual
industrial panorama.

Keywords Surface functionalization · Metallic prostheses · Biomaterials ·
Biomedical implants · Multifunctional surfaces

1 Introduction

Biomedical implants improve the quality of life for millions of people every day.
The development of modern medicine and its technological improvements have led
to an increase in the diversity of biological materials [1]. Biomaterials are not a
new conceptual field. Linen for stitching, gold and iron for dental applications, and
wooden toe replacements were made since ancient times. In another case, some
materials such as teflon, silicon, steel and titanium were used after World War II.
Thus, a biomaterial is any substance or a complex of several substances, whether
natural or synthetic, that can be used as part of a system or alone for a period of time
or permanently, to treat, enhance or reduce failure, to replace tissue or organs in the
human body [2]. They can be classified as permanent or temporary materials that
are compatible with categories such as tissue engineering and synthetic materials
[3]. The term biocompatibility is defined as the ability of a material to work with an
appropriate host response in a given application. It defines that substances or products
derived from them must not cause cell death or chronic impairment of tissue or cell
function.

Biomaterials can last longer and must not fail until the individual dies. Therefore,
the minimum years of service for elderly patients are 15–20 years, and the years of
service for younger patients are more than 20 years. Three key factors are critical to
successful implantation: (i) the mechanical, chemical and tribological properties of
the biomaterial; (ii) the biocompatibility of the implant; (iii) the physical health of
the recipient and the surgeon’s skill. The above criteria for currently used materials
suggest that although these materials work reasonably well in human systems, it was
found that they generally fail in about 12–15 years. This led to reconsider additional
surgery to restore the function of the implanted system. The reasons for failure
are varied, including mechanical, chemical, tribological, surgical, manufacturing
and biocompatibility issues. Implants must not only be biostable with respect to
degradation and cytotoxicity, but they must also meet any biological criteria for
structural biocompatibility. In other words, the shape and design of the implant
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structure must be adapted to the properties of the tissue being replaced, favoring for
example, the osseointegration process [4].

The osseintegration can be considered the successful marker of an orthopedic
or dental implant. The osseointegration was originally defined as “the direct struc-
tural and functional connection between living bone and the surface of the artificial
implant” [5]. Currently it has been accepted that osseointegration is a pivotal process
of fixation and integration of cementless implants, thus an ever increasing commit-
ment is spent in the development of novel strategies capable to accelerate and enhance
it. This process begins immediately after surgery and implant placement [5, 6] and
occurs in three step:

– Initial tissue response: it is driven by surgical trauma, it starts few hours after
surgery and ends within few days. This phase consists of an initial inflamma-
tion with the activation of the complement system and the recruitment of specific
immune cells, such as neutrophils andmacrophages, concomitantlywith the secre-
tion of pro-inflammatory cytokines and the release of growth factors. Calcium ions
and serum proteins adhere to implant surface and with platelets and fibrin matrix
form a blood clot [7]. The proteins coated on the surface may act as a chemotactic
signal for cell migration and successively sustain cell proliferation [8], whereas
fibrin matrix becomes a sort of “tracks” for cell migration and attachment [9].
Leukocytes, mesenchymal stem cells, neutrophils and macrophages migrate to
the implant and the latest adhere to the implant surface where they provide to the
removal of eventual contaminating pathogens, necrotic cells and the blood clot
[10, 11] paving the road to the second phase.

– Peri-implant osteogenesis: it occurs between the first and the second week after
surgical trauma. The angiogenesis and osteogenesis are the pivotal process of
this phase. Angiogenesis occurs in the space between the bone and the implant
surface, while new vessels are forming, growth factors and cytokines address
mesenchymal stem cells differentiation into osteoblasts in the area adjacent the
implant. The osteoblasts produce the primary bone tissue consisting in a fibrillar
non collagenous extracellular matrix rich in calcium, phosphorus, osteopontin
and bone sialoprotein [12, 13]. At this point, it is possible to distinguish two types
of osteogenesis: the contact one and the distance one. In the contact osteogenesis
mesenchymal stem cells adhere directly on implant surface and bone formation
starts from this point. Conversely, when mesenchymal stem cells migrate along
fibrinmatrix and the osteogenesis orientation is from bones or tissues surrounding
the implant forward the implant itself, it is called distance osteogenesis. However,
these two processes can occur contemporary and interact to each other [14].

– Peri-implant bone remodeling: after almost fifteen days from surgery, the final
step starts when the space between bone and implant is filled by newborn bone.
Bone apposition and remodeling characterize this phase. Bone remodeling begins
in the primary osteoid. Osteoclasts direct the remodeling process from immature
bone to highly mineralized lamellar bone by binding to the mineralized collagen
matrix. Osteoclasts resorb the newly formed bone to eliminate the microcracks
and optimize the surface for lamellar bone [15] creating a zone where the bone is
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deposited directly on the implant surface. Osteoclasts and osteoblasts cooperate in
a coordinateway, and the fragile provisionalwoven bone transforms gradually into
parallel fiber bone and then into the lamellar bone. This dynamic process exists
continuously over 1 year or longer, which is necessary for long-term fixation
[6, 16, 17].

Several factors can affect the whole process and they depend on both, the molec-
ular and cellular microenvironment of the bone-implant interface and the intrinsic
characteristics of implant itself.

The environmental factors include loading conditions, host bone properties, inter-
face distance, the concentration of local osteoblast and osteoclast, and systemic
illness (diabetes, rheumatoid arthritis, cancer and smoking) [18–20]. The second
aspect consists of materials; surface coating; topology; macro-, micro-, and nanos-
tructure of the implants, and so on [21].

In line with these considerations and thank to the increasing knowledge in cell and
molecular biology, materials science, chemistry, and engineering we have assisted
to an evolution in the fabrication of biomaterials. Indeed, the first generation bioma-
terials were developed to combine the functional features to acceptably meet the
biocompatibility. In particular, the biomaterial was required to be safe without any
detrimental behavior of the surrounding biological environment. In this context the
inertness of thematerials was consider very important. The second generation bioma-
terials can be considered an advance in the first generation. The driven idea was to
generate implants or device able to develop an uninterrupted reaction with the adja-
cent tissue, therefore the bioactivity became the most important characteristic. In
addition, biodegradable materials such as polymeric biomaterials were also evolved
in that period. Further, the expanding state-of-the-art gave rise to the fabrication of the
third generation biomaterials, intending to stimulate the regeneration of functional
or living tissues.

In this regard, surface functionalization of biomaterials is a potential solution not
only to secure the biomaterial’s surface against harmful reactions and elements and
to improve its existing attributes/properties remarkably, but also a strategy to enhance
the responsiveness of the damage tissue accelerating the healing process.

Among the large family of biomaterials, metallic biomaterials are chosen herein
because of their wide range of applications in musculoskeletal implants, such as
artificial hip joint and knee prostheses, screws, plates, pins, intramedullary fastenings
parts, and dental implants [22].

Along with metals, technologies widely employed for surface functionalization
are described in this work highlighting their limitations and potentials. The actual
challenge of fabricating high performance implants by surface functionalization is
also analyzed here with the aim to also highlight future trends in biomedical surface
manufacturing.
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2 State of the Art

Biomedical components made of natural or synthetic materials are often used as
implanted biological structures to replace missing or damaged biological ones in
humans or to improve their quality of life [23, 24]. The elderly are diseases such as
joint pain and arthritis, leading to an increased demand for artificial devices made
of biomedical materials to replace dysfunctional tissues [25]. Therefore, materials
with biological functions have attracted great interest in recent years. Biomedical
materials can be used in various parts of the human body (Fig. 1) [26–30].

For example, implants for replacing knee and hip joints place high demands
because osteoporosis, arthropathy and trauma can lead to pain or loss of tissue func-
tions [31]. For decades, great efforts in research has been devoted to the production
of biomaterials since those used for implants must havemany concurrent characteris-
tics, such as sufficientmechanical properties, corrosion resistance, excellent tribolog-
ical properties, biocompatibility, osseointegration and non-toxicity [32]. Themedical
goal of a biomedical material is themost important factor to consider in its design and
development. After implantation of a biomedical prosthesis, various reactions occur
at the interface between the living host tissue and the prosthesis. These responses
define the biocompatibility of the implant, which in turn affects its success [31].
In order to be biocompatible, materials containing toxic elements are not expected
to be used in biomedical materials [33]. Therefore, it is particularly important to
handle non-toxic and biocompatible components in the production of biomedical
materials [34]. The mechanical properties of biomedical materials now determine

Fig. 1 Example of different
types of medical devices in
human body
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which implants are suitable forwhich purposes. The tensile strength, fatigue strength,
elongation, and elastic modulus of biomedical materials are critical for load-bearing
applications in hard tissue implants. For example, the elasticity of implant materials
depends on their strength [35]. In addition, the corrosion and wear resistance of
the implant affects its service life. Implants in vivo have limited corrosion and wear
resistance, turning into premature wearing and/or release of inappropriate metal ions,
leading to allergic and cytotoxic reactions [36]. Therefore, the developed biomedical
materials should have significant wear and corrosion resistance properties to prolong
the lifespan of implants in the human body. Finally, themost important criteria for the
use of orthopaedic implants are excellent antimicrobial and osseointegration proper-
ties, which basically refers to the establishment of reliable contact between adjacent
bones and the implant without the formation of fibrous tissue or infection [37].
Under functional load, effective osseointegration is defined as the absence of relative
motion between the surrounding bone and the implant [38]. Therefore, biomedical
prostheses must have suitable surfaces to effectively integrate with the surrounding
bone.

Due to the above considerations, researchers have developed a variety of metallic
biomaterials for orthopedic applications such as scaffolds and hard tissue implants
[39]. Stainless steel, magnesium and its alloys, cobalt-chromium alloys, titanium and
its alloys are by far the most commonly used metallic biomedical implant materials
[40]. Biomaterials have been developed using a variety of advanced manufacturing
techniques, including powder metallurgy, arc melting, friction stir technology, and
additive manufacturing [41].

It is critical that material surfaces that are fully exposed to living organisms must
be biocompatible. Therefore, it is crucial to modify the surface properties in terms of
chemical, mechanical, biological and morphological properties. The goal of implant
surface engineering is not only tomeet criteria for avoiding adverse effects of implant
materials on adjacent tissues, but also to enhance the interaction of specific materials
with living matter. Surface modification of biomedical devices has become increas-
ingly popular in recent years. The goal of many techniques in materials processing
is to improve corrosion resistance (preventing the release of toxic elements into the
body), wear resistance, biocompatibility (through the addition of additives such as
nano-hydroxyapatite or ceramic oxides) and microbial properties. Various parts of
the human body, such as shoulders, hips, joints, bones, etc., can be treated with
biomaterials. These biomaterials are exposed to the body’s fluid environment after
implantation [42]. In general, the interaction between the implant surface and the
human body dictates the biomaterial classification as illustrated in Fig. 2.

A biotolerant material is characterized by the formation of a fibrous layer while a
bioinert material does not interact with the surrounding environment which, in turn,
chemically reacts with a bioactive material. Finally, a biodegradable biomaterial
degrades in time releasing into the bone tissue.

The processing of biomaterials is a difficult task as it requires not only mechanical
properties but also the preservation of unique properties such as the shape memory
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Fig. 2 Classification of
biomaterials based on
different interactions with
human body

effect in shape memory alloys (SMA). Techniques work with intense plastic defor-
mation to refine the grains of the material being processed. Compared with coarse-
grainedmaterials, ultrafine-grainedmaterials generally have strongmechanical prop-
erties, highwear resistance, high corrosion resistance, and excellent biocompatibility.
Ultrafine-grainedmaterials, especially micro and nano-grainedmaterials, have fewer
atoms per grain and therefore more surface atoms, resulting in higher surface ener-
gies. As a result, bone cells more readily adhere to the surface of these materials,
leading to increased osseointegration. Furthermore, these surfaces have been shown
to prevent bacterial adhesion and reduce biofilm formation [43].

2.1 Metallic Biomaterials and Need for Functionalization

In many ways, the use of metals in the body has accompanied and driven advances in
medicine in the twentieth and twenty-first centuries. Medical devices often require
metals because they have mechanical properties required for many applications that
cannot be replicated by other biological materials. The human body is essentially a
fatigue machine, producing millions to tens of millions of stress cycles in specific
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locations each year. For example, at 70 beats per minute, the human heart contracts
about 37 million times a year, while a typical person walking 10.000 steps per day
(5.000 steps per leg) puts pressure on the joints about 1.8 million times a year.
These pressures can be very large, resulting in pressures that can reach hundreds
of megapascals. Cyclic loading can lead to fatigue failure modes, persistent wear
mechanisms, the potential formechanically assisted corrosionmechanisms, andother
effects. No other class of biomaterials can cause as much stress and degradation as
metals. Metallic biomaterials provide the medical device community with a large
and successful toolkit of alloys to perform many desired functions, and new alloys
continue to be explored. These facts are likely to remain true for decades to come,
and metals and alloys will remain an important part of the biomaterial recipient for
the foreseeable future.

The adaptability of metals and alloys for bone repair and dentistry dates back
thousands of years. In 1959,Bechtol, Fergusson, andLaing [44] provided an excellent
overview of the development and use ofmetals in the human body during the first half
of the twentieth century. This monograph provided an overview of many concepts
and research directions related to metal biomaterials, many of which are the subject
of ongoing in vivo research. Wire for internal fracture fixation was explored as
early as 1775, and tests on dogs with platinum, gold, silver and lead in 1829 showed
promising results. As early as 1908, people began to study the cell’s response tometal
fragments. Furthermore, co-implantation of copper and zinc were demonstrated to
induce cyclical muscle contractions.

Early research identified scientific issues including corrosion of magnesium (Mg)
alloys and their ability to induce bone formation or inhibit cancerous tumors, as
well as copper (Cu), silver (Ag), and other elements that can limit infection. By the
1920s, major advances in metallurgy began with stainless steel (AISI-302, AISI-304,
AISI-316 and AISI-317 versions) and Stellite and/or vitalium (cobalt-chromium-
molybdenum CoCrMo alloys) introduced for use in internal fracture fixation devices
(screws, plates).

Titanium and its alloys were also discovered in the late 1950 and 1970s for
their excellent strength, corrosion resistance, and biocompatibility for various
medical device applications, and were subsequently introduced intomedical devices.
Platinum-related alloys (eg Pt-10% Ir for electrodes), gold (Au–Cu alloys for
dentistry), silver amalgam (Ag–Hg amalgam), etc. have been used in various appli-
cations, for a decade or more, and has resulted in significant improvements in the
health and quality of life for millions of patients.

Due in part to the passage of the Medical Device Amendments of 1976 [45] and
the limited number of alloys with the right combination of mechanical, corrosion and
biocompatibility properties, only a limited number of alloys are currently used in the
human body. Experience with the main alloy bodies used since 1976 sheds light
on the safety and effectiveness of these alloys in most applications. It also raises
new questions related to the degradation and interactions between organisms and
biomaterials, including immune responses, hypersensitivity reactions, and allergic
reactions, which are often multifactorial and interacting degradation processes.
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Themain alloys in use today includemetals intended for indefinite use in the body
(permanently implantable) and those intended to be temporary, degrade over time, or
biocorrosive (biodegradable alloys). Permanently implantable alloys are primarily
used in various medical devices currently available, while biodegradable alloys are
being developed or used in a small number of approved applications.

The three main permanent implant alloy systems used for various medical devices
in the body are: (1) stainless steel, mainly 316L stainless steel, (2) CoCrMo and (3)
titanium and its alloys. Other permanently implantable alloys include Pt, Au and
Ag alloys. Degradable alloys considered include magnesium, tin (Sn), iron (Fe),
and zinc (Zn) alloys. However, there are a variety of metallic elements that could
serve as potential biomedical alloys. Some of the more promising are zirconium (Zr),
niobium (Nb), palladium (Pd) and tantalum (Ta). There are other elements, such as
rhenium (Re), molybdenum (Mo), and alloys of the two, which are beginning to be
considered for medical devices. Recent research is evaluating these alloys, and while
there may be some advantages in strength or other properties, the three main alloy
systems described previously (stainless steel, CoCrMo, and Ti alloys) remain the
workhorse alloys in biomaterials.

The main concern with degradable alloys is to find alloys that can withstand the
applied stress and wear process until the body heals to the point where they are
no longer needed, then corrode away and be absorbed and excreted by the body.
Magnesium alloys are best studied [46].

This alloy is known to corrode rapidly in physiological solutions and the oxidation
products are mainly relatively harmless magnesium oxide (MgO or Mg(OH)2) and
hydrogen gas, which can be problematic. Other alloy systems including Sn, Fe, and
Zn are also considered as degradable alloys for biomaterial applications.

Alloys composed of Au, Ag, and Pt as noble alloys often use their electrical
properties as electrodes, their valuable electrochemical properties to resist corrosion
or degradation, and/or other properties that play a role in certain dental applications.
Silver is also used for its antimicrobial properties, often as coatings, nanoparticles,
or other methods of placing silver on the surface of medical devices. It is also used
for amalgam in dentistry. Other alloys are also considered for their antimicrobial
properties. These include alloys that corrode rapidly, produce significant reduction
reaction products (active oxygen intermediates), and can also produce killing effects.

Stainless Steel, CoCrMo, and Ti have a variety of alloy systems that are widely
used in in vivo applications. Stainless steel is used in surgical instruments, but impor-
tantly, in many medical devices, including screws, rods, and plates for bone fixation
and spinal fusion instruments. Cobalt-chromium-molybdenum alloys are commonly
used in applications requiring high strength, fatigue strength, and wear resistance.

CoCrMo is one of the most wear-resistant alloys known and has been used in
full-joint applications for decades. Titanium and its primary alloys (Ti–6Al–4V) are
used in dental implants and total joint replacements. This alloy has high strength and
low modulus, making it particularly suitable as an interface for biological systems.
The growth of bone into a porous titanium surface, called biofixation, is the primary
way orthopaedic implants attach directly to bone.
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For titanium implants, surface roughness is one of the most important surface
properties to reduce osseointegration time, stimulate greater bone regeneration, and
improve mechanical stability by interlocking the surrounding bone tissue with the
implant. In fact, the modifications introduced by surface treatments developed for
uncemented and intraosseous implants are based on empirical evidence that there is
a range of surface roughness’s that optimize osseointegration. Among the various
surface treatments used on biomaterials in order to improve osseointegration and
shorten healing time, sandblasting, acid etching, and a combination of the two (sand-
blasting + acid etching) are currently commonly used. Implants are often subjected
to cyclic loading during their lifetime, so the fatigue resistance of materials plays
a very important role in evaluating the long-term performance of the device [47,
48]. Furthermore, the surface condition of the implant is one of the main features
affecting the fatigue performance, mainly the cracking stage. Surface factors that
affect the fatigue life of implants can be broadly classified into three categories: (i)
surface roughness or surface stress increase; (ii) changes in surface metal fatigue
strength; (iii) surface residual stress state. In general, a notch in a loaded specimen
accelerates the initial stage of crack propagation due to stress-increasing effects and
triaxiality at the root of the notch, resulting in high local stress and material yielding
lower capacity. On the other hand, introducing compressive residual stress on the
surface (by sandblasting, thermomechanical treatment, etc.) can greatly increase
the fatigue strength. Thus, although surface treatments applied to bone-engaging
implants produced important improvements in tissue response, since treated implants
suffered from residual stress, surface roughness, generation of defects, surface hard-
ening introduced during treatment, the fatigue life may be significantly reduced from
plastic deformations. Thus, it is necessary to functionalize the surfaces according to
the specific need and applications.

To meet different clinical needs, different synthetic functionalization methods
(mechanical, chemical and physical) for metal biomaterials have been proposed and
validated in previous studies [48, 49]. In addition to these methods, nature has devel-
oped fascinating strategies over millions of years to specify nearly perfect multifunc-
tional surfaces [50]. Biological materials and structures, determined by evolution,
environmental constraints, and limited material availability, have unique properties
that distinguish them from their synthetic counterparts. These natural functions and
strategies have recently emerged as new sources of inspiration for creatingmultifunc-
tional surfaces with high potential for biomaterial applications. In the case of bone
implants, it is generally believed that osteoprogenitor cellsmigrate to the implantation
site and differentiate into bone-forming osteoblasts. The biocompatibility require-
ment is that the material should integrate into the bone (i.e. osseointegration) [51].
Stainless steel and titanium alloys are commonly used for fracture fixation in clinical
practice, and new bone formation can be observed on the surface of fixation devices
made of titanium alloys. The natural TiO2 layer minimizes the release of metal ions
and unwanted body reactions, thereby improving the biocompatibility of titanium
alloys [52, 53].

However, this native passive oxide layer cannot provide the desired osseointe-
gration [48] so various surface functionalization methods have been proposed to
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improve osteoconductivity or bioactivity. Surface properties such as morphology,
roughness, and wettability are known to influence the response of osteoblasts to Ti
implants [54].

Singer et al.Micron and submicron topographies on titanium implants were found
to promote osteoblast differentiation and the production of osteogenic local factors
[55]. There is a synergistic effect between the high surface energy and topography
of Ti substrates, and micro- and sub-micron structural features are necessary for
this synergistic response of osteoblasts [56]. Recently, taking inspiration from the
natural hierarchical micro/nanostructure in rat alveolar bone, a combined hierar-
chical structure composed of micropits, interwoven, self-assembled TiO2 nanotubes
on the Ti surface was developed [57]. The larger surface energy and preferential
hydrophilicity of the biomimetic micro/nanosurfaces can provide superior osteoblast
attachment and growth, and thus better bioactivity and biocompatibility, compared to
their smooth and purely micro treated counterparts. This biomimetic metal implant
micro/nanofabrication has been successfully used in clinical studies for 12 months
[58] and provides a new strategy for osteopathic applications of metal biomaterials.

2.2 Functionalization by Micro-Texturing

Micro-texturing is an effective solution to functionalize surfaces and enhance specific
performance of parts in its working environment. Typical functional properties are
wettability (hydrophilicity or hydrophobicity), tribological properties (low friction
and wear), load capacity, optical properties (refraction, diffraction, and light absorp-
tion), adhesion, strength, etc. The effects of micro texturing on several surface char-
acteristics have been widely investigated [59]. Many successfully applications of
this technique have been found in different fields, from biomedical implants to high-
performance mechanical components operating in tough and aggressive environ-
ments (impellers, aircraft engine components, sliding piston-cylinder, etc.). Micro-
texturing is typically used to refer engineered surfaces characterized by single- or
multi-array of micro features (grooves, holes, dimples or pillars/protrusions, chan-
nels, hairs, needles) at micro scale. Table 1 briefly summarizes functionalization and
surface micro-textures.

Many surface micro-textures have been gathered by nature observation by nature.
The shark skin has a 3D micro-ribs pattern which reduces the drag and turbu-
lent wall shear stress. The Nelumbo nucifera (lotus) plant has super-hydrophobic
leaves thanks to its particular surface micro-texturing made by two levels of surface
roughness obtained by combining nano- and micro-texturing: nano-hairs on micro-
pillars. Similar microstructures can be found on the surfaces of Dahlia flowers
and leaves, with micro-pillars with superimposed nano-spheres, which enable the
super-hydrophobic function.

Industrially, the most common surface micro-textures are:
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Table 1 Functionalization by surface micro-texturing

Functions Micro-texture

Tribological properties (low friction and wear) Micro-dimples, micro-channels, micro-grooves

Hydrophilicity, adhesion Micro-dimples, micro-channels, micro-grooves

Hydrophobicity, anti-fouling, anti-icing,
self-cleaning, protection against pathogens

Micro-pillars, nano-hairs on micro-pillars
(super-hydrophobicity)

Optical properties (refraction, diffraction,
light absorption)

Micro- and macro-grooves and porosity

Biological properties: cell adhesion and
proliferation, foster osseointegration of
surgical implants

Nano- and micro-grooves and pores

Fig. 3 Surface micro-texturing: a micro-grooves [60]; b micro-dimples [61]; c micro-pillars [62]

– Micro- grooves, channels and ribs: continuous grooves or ribs are realized on the
target surface typically oriented along one or more directions or according to a
designed geometrical scheme (Fig. 3a);

– Micro-dimples/cavities and micro-pillars/protrusions arrays: micro-features
(dimples or pillars) are uniformly distributed according to a pattern (Fig. 3b,
c).

The above-mentioned micro-textures can be combined together to obtain more
complex multi-array surface micro texturing, thus obtaining enhanced function
performance. In these cases, a hierarchy of micro-textures can be defined and,
typically, micro-features are characterized by different scale, i.e. nano-features on
micro-features. For example, the Dahlia and Lotus leaves have hierarchical struc-
tures, where micro-pillars enable hydrophobicity, but the nano-features (nano-hairs
o nano-spheres) on the micro-pillars allow super-hydrophobicity.

Continuous oriented micro-textures change the roughness of the surface at values
that comes from the geometrical parameters (type and shape, grooves depth/ribs
height diameter, pitch, density/cavity or protruded area fraction, etc.). Discrete
micro-textures obtained as an array of micro-features, are typically characterized
by more geometrical parameters (micro-feature type and 3D-shape, dimple depth/
pillar height, array type, pitch between micro-features, etc.). In this latter case—
arrays of micro-features—the surface micro-texture can be seen as a combination
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of three main components: (i) micro-feature, which is the elementary component
(dimples/pillar); (ii) array, that is the geometrical scheme of repetition of micro-
features; (iii) hierarchy, intended as the combination of more arrays (i.e. nano-hairs
on micro-pillars, micro-channels between micro-dimples).

Considering the complexity of the involved phenomena, the design of the surface
micro-texture is a challenging step, often to be accomplished with a multi-modal
(theoretical, numerical, experimental) and a multi-disciplinary (i.e. medical appli-
cations) approach. In many cases, the study of natural surface micro-textures has
allowed to define design criteria and guidelines. From the theoretical point of view,
each property, to be activated or enhanced, has its peculiar physical and chemical
parameters, which can be translated in geometrical (morphological) parameters of
the micro-texture. Hydrophobicity is promoted by micro protrusions having diam-
eters and heights in the range of 20–30 μm and pitch between protrusions of 30–
40 μm. Super-hydrophobicity is achieved adding micro- or nano-protrusions (i.e.
hairs or needles, 500–800 nm diameter) on the base micro-protrusions (hierarchal
micro-textures). Improved tribological properties are obtained by: (i) interposing a
liquid lubricant between the interface components, thus promoting hydrodynamic
friction; (ii) creating reservoirs (micro-dimples) for a stable liquid micro-film and
for micro-debris trap; (iii) promote surface wettability and hydrophilicity. If inter-
face components exchange significant loads, such as in artificial joint implants, then
a suitable cavity area fraction, typically below 40%, is required to guarantee the load
bearing capacity [62]. With these guidelines, several surface micro-textures have
been proposed in literature. Usami et al. presented a surface micro-dimples array
(Fig. 4) with diameter ∅ 200–300 μm and depth 5–10 μm, and area fractions in the
range 10–40% on aluminum alloy for casting (AC8A–T6) samples [63].

Dong et al. [64] proposed a micro-dimples array with diameter in the range 55–
190μm, depth of 1.5–9.5μm, distance betweenmicro-dimples of 37–58μm(Fig. 5).

Dougherty et al. [65] fabricated a surface micro-texture with micro-dimples array
(Fig. 6) having diameter in the range 100–400 μm, depth of 10–40 μm, distance of
500μm and cavity area fraction up to 50%. In all works, improved tribological prop-
erties have been experimentally verified. Thus concluding that enhanced tribological
properties can be achieved with a micro-dimple array with diameters of 100–400

Fig. 4 Textures on aluminum alloy for casting (AC8A–T6) samples: Array of Micro-dimples
diameter ∅ 200–300 μm, depth 5–10 μm, area fraction 10–40% [63]
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Fig. 5 SEM images of micro-features (dimples) on CoCrMo femoral head of hip joint implant:
awithb andwithout (a) plasma carburizing.Dimple density of 37–58%; depth 1.5–9.5μm;diameter
55–190 μm; pitch between dimples 37–58 μm [64]

Fig. 6 SEM images of the surface micro-texturing on Ultra-High Molecular Weight Polyethylene
(UHMWPE) via CNCmicro-milling machining: a Dimple, diameter ∅ 100μm, depth 10μm, Area
fraction (AF) 3.1%; b Dimple ∅ 200 μm, depth 20 μm, AF = 12.6%; c Dimple ∅ 400 μm, depth
40 μm, AF = 50.2%; d Pattern and measurement of the distance between dimples, 500 μm [65]

μm, depth of 10–40 μm, distance between micro-dimples up to 500 μm, cavity area
fraction up to 40–50%.

Starting from an accurate assessment of material properties and geometry of the
surface micro-texture, the selection of the most suitable manufacturing technology
and optimum machining parameters is crucial. Some of the most commonly used
micro-manufacturing technologies for surface micro-texturing are reported below:

– CNCmicro-millingmachining is an important and reliable cutting process, which
allow high dimensional accuracy and surface integrity improvement. Leveraging
high-performancemulti-axis control, this technology enables complexmachining
and challenging structures. Furthermore, it can be applied to a wide-range of
materials. CNC micro-milling machining is a successful technology for surface
micro-texturing [66].

– Laser Surface Texturing (LST) has been successfully applied for surface micro
texturing, especially for tribological properties enhancement and mechanical
sealing. Both accuracy and repeatability on micro-features are high but this tech-
nology has important limitations in terms of large-scale production and costs.
Furthermore, distortions can occur due to the laser thermal treatment [67, 68].

– Micro-Electrical Discharge Machining (μ-EDM) has advantages and disadvan-
tages similar to LST, but the application of this technology is limited to electrical
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conductive materials such as metals. Furthermore, the thermal energy applied in
machining can induce residual stresses and micro-cracks[68, 69].

– Micro-Electro Chemical Machining (μ-ECM) is a promising technology which
implements a non-thermal process. Compared with μ-EDM, it is not affected by
thermal drawbacks and it has a higher material removal rate (MRR). This tech-
nology is quite recent for these applications and more developments are required,
especially on process parameters optimization [70, 71].

– Electron Beam Machining (EBM) and Focused ion beam milling (FIBM) are
suitable manufacturing process for texturing having features at micro- and nano-
scale, but it lacks in terms of machining time and resources [72].

– Chemical texturing (CT) is suitable for large area machining but it has the relevant
drawback of low control of process parameters and variables. Its complexity limits
its application for surface micro-texturing [59].

In many cases, surface micro-texturing must be accomplished on complex
3D curved surfaces. This can limit the application of some micro-manufacturing
technology, since it requires high accuracy in motion and position control.

2.3 Functionalization by Laser Modifications

Laser can be used as a method to modify surfaces basically in three ways: phases
and microstructural changes induced by laser hardening and remelting [73] onset of
compressive residual stress through laser shock peening [74] and change of the 3D
topography at the micro and nanoscale thanks to laser texturing [75] (Fig. 7).

Lasermodifications canbe extremely selective in termof the areas to be treated and
advanced laser source controllers will usually guarantee a fine and dynamic control
of the parameters. This permits the modification of the mechanical properties of the
surfaces only where required such as, for example, areas where hertzian pressure
reaches its peak, areas subjected to sliding contacts and subject to wear, notches root
where fatigue cracks could nucleate and propagate.

Biomedical devices are intrinsically characterizedby complex, free-formsurfaces,
inmanycases they are customized andpatient specific, this fitswellwith theflexibility
that characterize laser processes.

Compared to other more conventional peening processes, laser shock peening
offers the great advantage to be contactless, there is not surface contamination with
the mix of glasses, ceramics and hard metals normally used in peening.

Biocompatibility aspects play a fundamental role for biomedical applications and
laser shock peening can also alter the viability response of the surface.

Although the detailed mechanisms are still unclear, they are evidently correlated
to the modification of wettability, electrochemical and corrosion properties of the
treated surfaces [77]. These aspects are further enhanced when applied to degradable
material likeAZ31magnesium alloy [78] where corrosion andmechanical properties
can be strongly influenced by residual stress near the surface (Fig. 8).
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Fig. 7 Schematic of the main laser modification processes for metallic biomaterials. The first
two methods increase mechanical properties as hardness, strength and fatigue limits and could be
effectively adopted for the treatment of material and parts employed under several conditions as
prosthesis and implants for joint replacement [76]

Fig. 8 Effect of LSP on
fatigue life of Mg AZ31
alloy [78]

Laser ablation is the main mechanism involved in laser texturing. By using short
and ultrashort pulsed laser the surface of metallic materials can be easily melt, vapor-
ized and ionized to plasma condition. Phases transition occurs suddenly with a great
efficiency in energy coupling, efficiency that roughly increases with the decrease
of pulse duration. The strong spatial gradient of the temperature and the conditions
inside the affected volume, very far from thermodynamic equilibrium, results in a
series of micro-explosion with material removal.
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The availability of highly efficient, more powerful and reliable laser source,
and relatively cheap strongly affected the use of laser texturing for biomedical
applications [75].

A rough classification of laser-based texturing can be done with respect pulse
duration, we can refer to short or ultrashort pulsation regimes, the last one can be
defined as the regime with “a pulse with a duration shorter than the coupling time
between the electrons (carriers) and the material lattice” [79]. The use of ultrafast
lasers is related to the generation of LIPSS, Laser Induced Periodic Surface Structure.
LIPSS are topographic reliefs, with the presence of a linear pattern, with a periodicity
lower than the wavelength of the employed laser light, roughly between 100 nm and
1 μm depending by frequency of the laser source, applied fluence and number of
passes. This overcome the diffraction limit that affects far field laser propagation,
LIPSSdirection canbemoreover controlled by aproper orientationof the polarization
plane. Laser operating in ns regime can be used for Direct Laser Patterning (DLP)
generating structures with dimensions of the same order of the focal spot, usually in
the range between 10 and 100 μm. A further method for the treatment of surfaces
is the use of DLIP, Direct Laser Interference Patterning, this method requires more
complex devices to operate but guarantee high throughput for mass scale production,
structures periodicity can range in between those the other two methods.

In case of orthopedic applications osseointegration is one of the main properties
that affect the outcomes. The most part of the scientific literature concerns at the
moment results in-vitro and with animal models. The majority of the metallic alloys
employed in biomedical applications were tested. in particular Ti alloys, the most
widely used class of alloys for orthopedic applications were investigated both for
osseointegration [80–82] and for reduced bacterial proliferation [83].

Although their decreasing use as material for prosthetics and implants, AISI
316L and similar stainless steels were deeply tested in term of biocompatibility,
cell viability and antibacterial properties [83, 84].

Laser texturing of NiTi was used to increase osseointegration of wires, never-
theless for this particular geometry mechanical interlocking can play a fundamental
role (see Fig. 9), ex-vivo push-out results clearly show a strong increase for textured
samples [85].

Fig. 9 Left) laser textured surface of 1.4 mm in diameter NiTi wires. Right) Push-out results for
different groups, G1 represented untreated wire group (Adapted from [85])



312 G. Rotella et al.

The improvement of reendothelialization properties is one of the main objective
in the manufacturing of stents, in-vitro and in-vivo tests already demonstrated the
effectiveness of femtosecond laser treatment on cells adhesion, proliferation and
migration of cells on AISI 316L [86] and CoCr [87] stents.

Actually, few clinical trials were performedmainly on dental implants [88]. These
trials evaluate the effects on laser micro-texturing in term of different outcomes
as: Marginal Bone Level (MBL); Peri-implant Probing Depths (PPD); Bleeding on
Probing (BOP) and Marginal Tissue Height (MTH). Results are quite specific and
oriented to dentistry and surgery audience but the preliminary conclusion is that laser
micro texturing can slightly increase some of the controlled outcomes but authors
agree that further study should be assessed for a real statistical significance.

2.4 Functionalization by Chemical Treatments

From chemical point of view, clinical applications of metal alloys are governed by
the chemical composition of the materials surfaces. Chemical treatments currently
employed are classified according to their goals and mechanisms of action. There-
fore, it possible to distinguish chemical treatment for topographical modification,
which aim to improve the physical interaction and promote the biological one (such
as bone-metallic implant osteogenic processes), and chemical treatments for surface
chemical tuning, where the surface composition of a device is modified at atomic/
molecular scale to modulate the chemical and biochemical response of the tissues
[48]. The chemical treatments falling in the former category are mainly subtraction
processes, where the required topography is obtained by selectively removing mate-
rial from the target surface. Electrochemical etching and electro-chemical polishing
are the main processes, which are able to obtain rough or smooth surfaces ranging
from nanometer to millimeter scale. In particular, these processes are mainly used
as surface preparation techniques prior the application of a biomedical coating to
improve the adhesion on the target substrate [89].

In the electropolishing process the metal sample and an electrode are placed in
an electrolyte bath and connected to the opposite poles of a direct current gener-
ator. The passage of current causes the formation of an oxide layer on the surface
of the metal sample, which then dissolve in the electrolyte solution. The degree of
polishing and, hence, the roughness of the surface can be tuned by controlling the
current intensity and the duration of the process. In fact, the total mass of removed
materials is directly linked to the total charge consumed during the electropolishing.
Composition of electrolyte as well as working temperature also influence the perfor-
mance of the process [89]. Anymetals or alloys can be processed by electropolishing,
therefore, considering the high versatility of the technique, it has been employed on
several metallic medical devices, like dental implants [90] and coronary stents [91–
93]. Remarkable improvements in the adhesion strength of biomedical coating and
corrosion resistance of stainless steel stents have been achieved after the electropol-
ishing, by selectively modifying the roughness and eliminating the oxide impurities
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in the former case [94], and by promoting the formation of chromiumrich protective
oxide layer in the second case [93].

In chemical etching, layers of a material surface are removed under the action of
chemicals, usually acids, alkalis or theirmixtures [95]. Chemical etching proved to be
more effective than other surface treatments, likemechanical polishing or sonication,
to enhance the bond strength of biomedical coatings on the devices. Promising results
have been obtained in case of polymeric coatings, such as high-density polyethylene
(HDPE) or other polymers on the metallic and ceramic dental implants, where the
increased adhesion strength is connected to the roughness and the surface porosities
produced by the etching [95–98]. Chemical etching has been also employed for
the functionalization of titanium surface to promote the adhesion and the growth of
hydroxyapatite biomedical coating using different type of chemicals, like sodium
hydroxide (NaOH), acids or alkalis [99–101]. Photochemical etching, where the
effect of chemicals on the material is enhanced by the action of light generated from
an arc lamp, has been successfully tested to treat chemically inert materials, e.g.,
Co-Cr alloys [102]. Obviously, chemical etching must be carefully used depending
on the materials to be treated. Indeed, negative results in terms of flexural strength
for alumina samples etched with acids or adhesion strength of resin cement coating
on human teeth have been observed [103, 104].

Chemical surface functionalization is used to vary the composition of device sur-
face without altering the surface topography in order to improve implant biocom-
patibility, bioactivity, and bone conductivity, as well as to promote specific cell or
tissue response. The main processes used for the surface modification of Ti alloy (but
not limited to them) are anodic oxidation, cathodic polarization, and electro-phoretic
deposition. These electrochemical treatments have been widely used in the produc-
tion of several commercial medical devices and other applications (e.g., color-coding
for osteosynthesis plates and electropolishing of joint prostheses) [105].

In anodic polarization, the target metal is immersed in an electrolytic bath and
connected to the anode of a power supply. By applying an electrical field, the diffusion
of metal and oxygen ions is driven resulting in the formation and growth of an oxide
layer on the metal surface [48]. Anodization is successfully used to produce films
with increased oxide thickness, porous coatings, and desired crystallographic forms
on surface of titanium alloys devices [106]. The thickness of the obtained TiO2

film can easily be tuned by the growing parameters mainly depending on electrical
polarization (current density, final voltage, etc.) and electrolytic bath composition.
For instance, an increase in electrolyte concentration and electrolyte temperature
were found to decrease the anodic forming voltage, the anodic forming rate and the
current efficiency, while an increase in current density and in surface area of anode to
cathode ratio leads to an increase in the anodic forming voltage, the anodic forming
rate and the current efficiency [107]. By appropriate choice of these parameters, in
addition, different surface properties can be obtained that can be exploited in various
biomedical applications; namely:

– Colorization;
– Insertion of specific inorganic ions;
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– Creation of specific crystalline TiO2 structures;
– Cathodic deposition;
– Electrophoresis deposition (EPD).

By colorization, specific colors can be obtained on the titanium oxide by exposing
the titanium and titanium alloy to low voltage electrical fields. It is used mainly for
the identification of dimension or parts in prostheses, or medical devices. Phos-
phoric and sulphuric acids or other electrolytes have been commonly adopted as
suitable for growing oxide films in the correct range for determining colorization
effects on the titanium. Beside electrolyte composition and current voltage, the corre-
sponding colors of the titanium oxide can vary according to the current density,
electrolyte concentration and surface pre-treatment, which induce the occurrence
of non-uniformities or stoichiometric defects in the oxide film [107]. The second
cate-gory is employed to improve corrosion resistance by exposing the titanium
surface to high voltage (above a specific threshold value), leading to anodic spark
deposition (ASD). The formation of sparks causes the incorporation of ions within
the oxide structure obtaining doped oxide surface as result of local melting and re-
crystallization of the oxide film. It has been observed that the incorporation of Ca
and P ions promoted the bone calcification, while Ag ions improved the antibacterial
properties of the titanium implant [108]. Incorporation of Ca, P Ag and Pt ions by
using electrolytic solution during the ASD process on Ti-based implants improved
the biocompatibility and provide, at the same time, antibacterial activity [108]. The
ASD also generates peculiar surface morphology on the oxide film with microscale
porosities, which is advantageous for the bone consolidation [109, 110]. Creation
of specific crystalline TiO2 structures can be obtained by tuning the anodization
process. Thus, different titanium oxide species can be produced, e.g., anatase and
rutile (both tetragonal), or Ti3O5 and brookite (orthorhombic or tetragonal). Is has
been observed that the presence of anatase phase reduce the bacterial colonization
on the surface of the device [111].

In cathodic deposition, the target metal is placed in the electrolytic solution
and used as cathode of an electrical circuit. Once the voltage between the cathode
(the workpiece) and the anode is applied, several chemical reactions are triggered.
Cathodic deposition is mainly used in biomaterial application to produce calcium
phosphate coating, which has a crucial role in the bone/implant contact. The gener-
ation of Ca/P precipitates from the solution to form a thin film on the target metal
depends on several factors. The main parameters governing the cathodic electrolytic
deposition are in fact: (i) electrolytic bath composition, (ii) pH of the electrolyte solu-
tion, (iii) voltage and current density applied, (iv) process temperature and (v) depo-
sition duration (which in turn depends on the passed current). By understanding the
basic mechanisms and parameters involved in coating deposition kinetics, different
functionalities can be achieved, such as the formation of crystalline and chemical
structures at surfaces capable of improving and modulating bone response [112]. For
instance, studies have pointed out that by adjusting the working temperatures and the
treatment duration it possible to regulate the Ca/P coating thickness, while specific
Ca/P phases (DCPD, OCP, TCP, HA) can be obtained by appropriate tuning of
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pH, current density, chemical bath composition, and applied potential [112]. Finally,
temperature and other parameters (e.g., voltage, pHand current density) can influence
the crystallinity of the coating as well as the grain size and the porosity [113, 114].

Electrophoresis deposition (EPD) is used in biomedical application to produce
ceramic or hybrid inorganic/organic coating on the medical devices, regardless their
geometries or shapes. The technique is based on themovement of electrically charged
particles immersed in a fluid: suspended particles move toward the cathode if they
bear positive charge, and to the anode if they are negatively charged. Coating deposi-
tion is achieved via particle coagulation on the target surface. Coating thickness and
morphology can be easily altered and that the corrosion resistance of the coatings is
enhanced by adjusting the deposition voltage and process duration [115]. The process
can be applied on any solid, including metals, polymers, carbides, oxides, nitrides,
and glasses [116]. EPD has recently experienced a growing attention in the case of
the titanium alloy devices to improve the bone/material interaction and bioactivity
[116].

The limits in the spreading of EPD technique in biomaterials applications are
related to the lowdensity of themanufactured coatings,which require post-deposition
treatments, like sintering or curing, to obtain a more dense material.

2.5 Coatings

Metal implants (mostly made in stainless steel, cobalt-chromium alloys, or tita-
nium and titanium alloys) are used as orthopedic devices or prostheses being able
to provide the suitable mechanical properties. The success of such devices is linked
to the ability of the metal to create a strong interface with the bone and to be incor-
porated into the natural structure of the bone [117]. Deposition of various types of
coating is a successful method to achieve this goal and has widely explored in the last
decades. Calcium-phosphate coatings, for instance, enhance the mechanical attach-
ment between the new bone and the implant, promote a faster growth of the bone
and can protect the biological environment from the release of ions from the metallic
substrate, hence increasing the longevity of the implant [117].

Surface coating techniques (thermal spray, physical and chemical vapor deposi-
tion, glow discharge plasma treatments, sol–gel technique) are employed as additive
processes to modify the topography and/or the chemical composition of the sur-face
of a bulk structure (also called substrate) and impart specific selective proper-ties
to the material surface. Surface coatings are usually in the 10 –6 to 10 –3 m range
depending on the specific process used. The choice of a specific coating deposition
process depends on the type and the material of the coating to produce as well as
the final application. In order to exploit the potential advantages of coating systems,
they have to possess specific properties. The degree of crystallinity of the coatings is
linked to their solubility within the physiological environment. Amorphous hydrox-
yapatite, for example, is more soluble in aqueous solution than crystalline HA and,
therefore, has a higher rate of dissolution than the highly crystalline form [118, 119].
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To enhance the bone bonding, and avoid loosening and failure of the implant, it
has been suggested that coatings should be as crystalline as possible (approximately
80%); however, a certain degree of dissolution is beneficial to the bone forming due
to the re-precipitation of calcium phosphate back onto the coating in the form of
new bone. Thickness and roughness of coatings vary depending on the deposition
process and the parameters configurations. Sputtering, sol–gel or vapor deposition
can produce coatings ranging from nanometer up to 1 μm, while with plasma spray
or other thermal spray process it possible to obtain coating 50 μm thick or higher
[120]. The optimal value of coating thickness balance two competitive effects: thinner
coating dissolve faster leading to a reduced longevity and risk of exposing areas of
the substrate to the physiological environment, with potential release ofmetallic ions.
Thicker coatings dissolve slower resulting the formation of a good interfacial bonding
with the bone. However, they are more prone to generate high residual stresses and
occur in internal failure. Roughness has a dramatic effect on the response of bone
as well [121]. Human osteoblasts attach more readily to surfaces with a roughness
less than 0.5 μm than to rougher surfaces (>2 μm), despite, rougher or more porous
surfaces enhance themechanical attachment of surroundingbone [122]. The adhesion
strength of a coating is paramount for the effectiveness of the implants. The deposi-
tion method, the processing parameters and the coating/substrate materials pair are
responsible of the resulting adhesion strength of the coating [123–125]. To enhance
the coating adhesion, a boning layer is commonly applied on the substrate prior the
deposition of the actual coating. Titanium oxide or zirconia, for instance, are used
to improve the adhesion strength of hydroxyapatite coating [126]. Other mechan-
ical properties, Young’s modulus, residual stress and hardness, together influence
the resistance of the coating and are paramount to prevent the internal failure of the
coating [127].

In case of metal implants, the commonly applied systems are mineral or carbon-
based coatings by using thermal spray process (TS). TS processes, such as plasma
spray (PS), high velocity oxygen fuel spray (HVOF), or flame spray, are mainly used
to produce hydroxyapatite-based mineral coatings on metallic surfaces (stainless
steel, cobalt-chromium alloys, titanium and titanium alloys). Hydroxyapatite, in-
deed, has composition similar to the main component in bones and the coatings can
promote the consolidation and the growth of bone tissue on the implant. Several
thermal spray processes are currently employed in biomedical applications, and they
operate on similar principles: powder particles are melted in the high temperature by
flame or plasma, high velocity gas is used to accelerate the powder particles towards
the substrate. On impact, the individual powder particles cool as splats, solidifying
together to form the final coating. The substrate surface remains relatively cool during
this process, generally reaching temperatures no greater than 300 K. It allows the
substrate to retain its pristine properties. Thin or thick coatings can be obtained
by changing the processing parameters and controlling the number of passes. The
properties of the final coating differ from the starting powders: as the layers of splats
build up, partially melted particles, oxides and pores can become trapped within the
thickness of the coating. They consequently produce a multiphase structure, whose
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Fig. 10 a Representative scheme of plasma spray process; b schematic description of TS coating
build-up

properties are influence by the composition and the distribution of all the phases
(Fig. 10 reports a schematic representation of process and coating).

The most common method of producing coatings for metal implants is by plasma
spraying. Hydroxyapatite is used as calcium phosphate precursor in the plasma
spraying process to produce the bioactive coating. In vitro and in vivo studies of
plasma sprayed hydroxyapatite coatings demonstrated the ability of the coatings to
improve the bone-to-implant contact and the fixation of the implant [128].

Positive effect on the osteoblast growth has been observed [129, 130]. Two tech-
niques are used: atmospheric plasma spraying, which is carried out in normal air, and
vacuum plasma spraying, which is performed in a low-pressure inert gas atmosphere.

The latter is preferred because it reduces the in-flight oxidation of the parti-
cles, increases the particle velocity and allow obtained denser and uniform coat-
ings. Numerous variables and factors can be modified to adjust the plasma spraying
process allowing producing a wide array of coatings. Figure 11 shows an overview
of the parameters affecting the plasma spray.

Amorphous hydroxyapatite is formed during the plasma spraying process due to
the high temperatures and high cooling rate, resulting in crystallinities in the range
of 65–70% [131]. Post-deposition heat treatment is a suitable method to control the
crystallinity of plasma-sprayed hydroxyapatite coatings: treatment at 600/700 °C
for 1 h raised the crystallinity of the coatings, while treatment at 700 °C or above
converted almost all amorphous phases to crystalline phases [131]. Surface roughness
of plasma sprayed hydroxyapatite coating is in the range of 5–30 μm, rougher than
other deposition processes with a positive trend with crystallinity degree and particle
size [132, 133]. Adhesion strength ranging from 8 to 80 MPa and Young’s modulus
of 5.5 GPa, which more closely resemble that of human bone, have been reported
for the hydroxyapatite coating [131]. The plasma sprayed coating usually presents
a multiphase structure with a number of distinct calcium phosphate phases, which
differ from the pure hydroxyapatite and can weaken the coating. Heat treatments are
suggested as suitable method to decrease the presence of these impurities [131].

Magnetron sputtering is also used to deposit bioactive coatings. It is an extremely
versatile process able to deposit coating on different materials (polymers, metals and
ceramics). The coatings are dense, homogenous and well adherent to the substrates.
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Fig. 11 Summary of the main parameters in PS process

Studies on coatings produced by magnetron sputtering indicated an enhanced
bioactivity of the calcium phosphate coating and an improved osseointegration
compared to plasma sprayed coating (Fig. 12) [134]. Other in vivo studies demon-
strated an increase in the bond strength between bone and coated implants
[135–137].

Fig. 12 Schematic
representation of the
magnetron sputtering process
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However, differently from plasma spray, it is very slow, with a deposition rate of
1–1.5μm/h and canwork only on small, flat and fine polished substrate. The coatings
are thin, usually around 1 μm and never above 10 μm. In addition, the hydroxya-
patite coatings are intrinsically amorphous and this, together with the very small
thickness, leads to a rapid dissolution of the coating in biological conditions, failing
to provide a surface for biological attachment. Substrate heating or post-deposition
heat treatments have been suggested as methods to increase the crystallinity of the
coating [138, 139]. These factors, together with the relatively higher costs, impede
a wider diffusion of such a process, if compared to the plasma spray.

The deposition of coating by magnetron sputtering relies on the acceleration of
positively charged ions on a target material under the action of a magnetic field. The
ions are extracted from the target material from a plasma generated in an inert gas.
These atoms are then deposited on the substrate, forming the coating. The magnetic
field increases the sputtering of the target by confining the electrons close to the
surface of the target and preventing them from recombining with ions near the walls
of the chamber. The process is carried out in vacuum to avoid interaction of ions with
the environment.

The physical and chemical surface properties of magnetron-sputtered mineral
coatings can have a significant influence on biological performance. As deposited
coating surfaces are very smooth with roughness around 30–50 nm [139]. The rough-
ness can be increased, together with the crystallinity, by applying a heat treatment
on the coating, reaching values in the range of 1–2 μm [140, 141].

Magnetron-sputtered hydroxyapatite coatings are characterized by a strong adhe-
sion to the substrate over those using other coating methods, capable to withstand
significant loads without showing signs of bursting after penetration of the indenter
into the substrate [123]. Hardness of a coating was found to be approximately 10
GPa, while the Young’s modulus of sputtered hydroxyapatite coatings was measured
to be between 100 and 150GPa [123, 139]. Asmentioned, magnetron-sputtered coat-
ings are relatively thin compared to plasma-sprayed deposits. Generally, magnetron-
sputtered coatings range between 0.5 and 3.0 μm in thickness. Usually, coatings
thicker than 1.6 μm have been shown to exhibit poor mechanical properties [123,
129]. The deposition rate for the hydroxyapatite target stands at 0.2–2.0μm per hour
depending on the sputtering conditions.

Other deposition techniques reported in literature to produced hydroxyapatite
coating on metal implant are high velocity oxygen-fuel spraying (HVOF) [133], bio-
mimetic deposition [142], Sol–gel deposition [143] and electrophoretic deposition
[144]. Those processes are promising techniques, however because they are relatively
slower and usually require a post deposition treatment to achieve a good consolidation
of the coating, manufacturers prefer plasma spray over them, and a limited number
of studies are available in literature dealing with their optimization for the deposition
of mineral coatings.
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3 Case Studies

3.1 Cell Adhesion and Proliferation on Severely Plastic
Deformed Additively Manufactured Zr–702

In the context of surface changes and biocompatibility by combining severe plastic
deformation processes with cell culture and additively manufactured metal materials
a concrete application was performed [145]. In particular, the main objective was to
evaluate the cell adhesion and proliferation on severely plastic deformed additively
manufactured Zr–702, using the turning process under different environmental and
process conditions by varying cutting speed and feed rate and working under dry
and cryogenic state. Then, a cell culture of MC3T3–E1 osteoblast cells was seeded
on the machined samples in order to assess cell adhesion and proliferation after 24 h
and three days of culture. Finally based on the machined surface characteristics and
the cells behavior was investigated the potential of machining process to modulate
biocompatibility of the material.

As a new kind of biomaterial, the metal zirconium is becoming more attractive
thanks to its properties as high corrosion resistance, lowelasticmodulus andmagnetic
susceptibility, good mechanical strength and often it could be used in hip and knee
implants because of its satisfactory biocompatibility. Pure Zirconium is employed
to encourage the osseointegration, thus it is important to properly treat the surface
with the right processes in order to obtain a positive tissue response. Nowadays, the
introduction of new technologies has meant that advanced manufacturing methods
have come up, as the additive manufacturing technologies, which for example were
used to produce such sample through laser powder bed fusion. In depth analysis, in
particular a study performed by Aristizabal et al. [146], focussed on additive manu-
facturing parameters were carried out in order to achieve goodmechanical properties
comparable with the conventionally produced one. Assessing the cellular behavior,
also in this case, through adhesion and proliferation of MC3T3 osteoblast precursor
cells. However, it must be highlighted that additively manufactured products need
to undergo surface finishing processes before being put into operation, especially in
the biomedical field. Therefore, in an industrial perspective comes the necessity to
evaluate the cell behavior on Zirconium after finishing operations, such as turning,
finding the influence of process parameters and cells adhesion and proliferation.

More in detail, the sample used for the experimental campaign were Zr–702 bars
with 10 mm as initial diameter. The cylindrical bars were produced by Selective
Laser Melting (SLM). The optimum process parameters were defined based on the
results of the previous work [146].

In Fig. 13 is reported the as printed surface shows typical additive manufac-
turing defects such as unmelted powder particles and balling. Turning tests have been
performed using the following process parameters: 0.05 mm of depth of cut, three
different speed and feed rate levels: 60, 75, 90 m/min and 0.05, 0.1, 0.15 mm/rev, at
varying cooling conditions, namely dry and cryogenic. Afterwards, the arithmetical
mean height (Sa), the maximum height (Sz) and the reduced valley depth (Svk) on
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Fig. 13 High-magnification scanning electron microscope (SEM) of as printed Zr–702 [145]

the surface, were measured using a contact profilometer. Part of the samples were
used for cell culture with a MC3T3–E1 preosteoblast cell-line to test the biocompat-
ibility after surface modifications. The surface roughness trend after turning and at
varying process parameters is visible in Fig. 14 where turning process significantly
improved the surface quality. Concerning cell adhesion and proliferation the vitality
of the seeded osteoblasts on the machined samples confirmed the biocompatibility
and non-toxicity of the material.

Cell culture results for selected cases are visible in Fig. 15. In particular, a good
cell adhesion favored by the high roughness conditions is observed on the as printed
sample, but such level of roughness didnot enhance thegrowthof theosteoblasts since
the cell proliferation and cell size after three days did not show significant changes.
Thus, it can be concluded that AP surface conditions are not suitable for long term
applications. Regarding machined surfaces despite are less prone to cell adhesion
during the early stage of the culture at the end (after 3 days) start a faster process
of proliferation. Furthermore, the different topography obtained due to the several
process conditions employed lead to different cell behavior in terms of adhesion and
proliferation allowing to demonstrate that it is possible to modulate, with finishing
parameters, the biomedical surface interaction with human cells.

3.2 Micro-Texturing of Mold Surfaces for the Fabrication
of High-Performance Medical Components

In current artificial joint implants, titaniumalloys components are typically employed
as the structural components, for load bearing and bones integration, while polymeric
inserts, as cartilages in natural joints, are generally used as interface components.
High-performance polymers are preferred over other materials (ceramics or metals)
due to the reduced friction coefficient and wear. These inserts allow a reduced risk
of debris formation and biologic reactions such as inflammation, bone resorption
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Fig. 14 Height (Sa, Sz) and functional (Svk) parameters on machined samples under dry and
cryogenic cooling conditions at varying turning process conditions (the error bars indicate standard
deviation) [145]

or periprosthetic osteolysis [147]. Common names of these components are: Radio-
capitellum in elbow implants, patella prostheses in knee implants, acetabular cup
in hip joint implants, humerosocket liner in shoulder implants. Main requirements
for these components are: biocompatibility, low friction and wear, high load bearing
capacity and stiffness.

Among biopolymers, Ultra High Molecular Weight Polyethylene (UHMWPE)
has wide application. In fact, it has excellent resistance to stress and cracking, abra-
sion wear, chemical resistance, excellent dielectric properties and self-lubricating.
Furthermore, the non-porosity of UHMWPEprevents the growth of fungi or bacteria.
In order to extend the life of the artificial joint implants (Fig. 16), polymeric interface
components should exhibit reduced friction and wear, by fostering the hydrostatic
friction of the synovial fluid as lubricant in natural joints. The surfacemicro-texturing
of UHMWPE interface components is a valid strategy to enhance the tribological
properties.

From the manufacturing viewpoint, a successful approach is the manufacturing
of molds with micro-texturing for injection molding [149–152].
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Fig. 15 SEM images of as printed and machined samples: tests 1 and 2 correspond to samples
machined at 60 m/min, 0.15 mm/rev under dry and cryogenic cooling condition respectively; tests 3
and 4 correspond to samples machined at 90 m/min, 0.05 mm/rev under dry and cryogenic cooling
condition respectively. Samples surface seeded with the osteoblastic MC3T3-E1 cells for 24 h and
three days. The fluorescence micrographs illustrate the viability of the seeded and proliferated cells
over the duration of the experiment (scale bar = 100 μm) [145]

Fig. 16 Wear processes of a polymeric Acetabular cup in hip joint implant [148]

On Celanese GUR5113 UHMWPE samples via injection molding. Four different
micro-textures (MT) were realized via micro Electrical Discharge Machining (μ-
EDM) on a steel mold insert. The micro-textures were characterized by confocal
microscopy. UHMWPE samples were then produced by micro-Injection Molding
(μ-IM) and molded parts were characterized to assess the overall process-chain
feasibility. Figure 17 shows the geometrical parameters of the micro-textures.

Themoldmicro-textureswere fabricated viaμ-EDM inmillingmode bymeans of
a Sarix SX200 machine. Tool electrodes adopted for the micro-milling are two tung-
sten carbide cylindrical rods with diameters of 0.4 and 0.15 mm, while the dielectric
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Fig. 17 Micro-textures and geometrical parameters (μm). a MT1; bMT2; c MT3; d MT4

fluid is a hydrocarbon oil. The μ-IM was performed by DesmaTec FormicaPlast 1 K
machine. Profiles and surface roughness of inserts and samples were acquired via
confocal microscope Zeiss CSM700. The Fig. 18 shows images of the steel mold
insert and UHMWPE samples with surface micro-textures. Figure 19 reports the
graphs of the errors on the micro-textures measured on samples.

Fig. 18 Micro-textures on steel mold surfaces, HDPE and GUR5113 UHMWPE samples: a Steel
mold and samples; Detail of the micro-textures: MT1 b, MT2 c; MT3 d, MT4 e [151]

Fig. 19 Errors on
micro-features measured on
UHMWPE samples [151]
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The present case study investigates the manufacturing feasibility of a produc-
tion process chain, combining μ-EDM and μ-IM, for fabricating parts with micro-
textured surfaces for high-performance medical components. The experimental
results show that μ-EDM is a valid technology for surface texturing at micro-scale
of steel molds with good dimensional accuracy and surface roughness. The Celanese
UHMWPE GUR5113 material can be processed but the process requires further
optimization.

3.3 Biomolecules Surface Functionalization to Improve
Osseointegration Process

Biomolecule surface functionalization exploit bone organic components to improve
bone regeneration, such as extracellular matrix proteins (e.g. collagen) or peptide
sequences for bone cell adhesion [153, 154], and bone growth factors for new bone
formation [155]. In the preclinical models, other components have been evaluated,
such as deoxyribonucleic acid (DNA) fragments for structural reinforcement [156]
and enzymes involved in bone mineralisation [157]. Biomolecule immobilization
ontometallic surfaces can be obtainedmainly by physical adsorption, physical barrier
entrapment, and covalent attachment [158].

In addition, the use of other natural compound, such as the self-polymerization
mussel-inspired polydopamine (DOPA) has been preclinically investigated. It was
found to form a thin and surface-adherent coating onto a wide range of inorganic and
organic materials [159, 160]. The polydopamine coating can also further enhance
subsequent surface-mediated reactions implementing the cell-adhesive, osteocon-
ductive, and osteoinductive performance of Ti implants. Indeed, it was reported that
the addition ofArginylglycylaspartic acid (RGD)-conjugated polymers,HAnanopar-
ticles, bone morphogenic protein-2 (BMP-2) during the polymerization process of
DOPA coating, results in functionalized surfaces able to induce the transition from
mesenchymal stem cells to osteoblasts and to promote osteogenic differentiation and
mineralisation [161]. Figure 20 summarizes the whole process [161].

Fig. 20 A schematic illustration of dopamine-assisted immobilization of PEI-g-RGD, hydroxya-
patite (HAp) nanoparticles and rhBMP-2 on a titanium substrate
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In addition, considering that the natural bone is mainly composed of organic
proteins and inorganic CaP-based materials, where the extracellular organic matrix
consists of 90% collagenous proteins and of 10% non-collagenous proteins and HA,
the development of composite coatings has become a hot topic for implant surface
functionalization. Several independent studies demonstrated superior properties of
the biomolecules–CaP composite coatings over the individual components together
with the opportunity to overcome technical problems related to the difficult control of
loading efficiency and of release kinetics of the superficially adsorbed biomolecules
[162, 163]. For example, the ductile properties of collagen can compensate for the
poor fracture toughness of CaPs [164], and also promote the CaP coating adhesion,
the cell adhesion and thus the fixation of the metallic implant [158]. Immobiliza-
tion of growth factors such as bone morphogenetic protein (BMP)-2 and trasforming
growth factor (TGF)-β to the CaP coating significantly enhanced the osteoconduc-
tivity and bone regeneration at the tissue–implant interface [165]. Moreover, CaP
or collagen coating can help to create a delayed and sustained delivery profile or a
higher stability of the growth factors and DNA [166]. As for the coating technolo-
gies of the organic–inorganic composite coatings, electrolytic deposition (ELD),
spin coating, and biomimetic coating methods have been used to generate homoge-
neous collagen–CaP composite coatings onto metallic implants [164–167], but these
coating procedures are time-consuming and have poor control over the produced
coating thickness [168]. The electrospray deposition (ESD) is among the most
promising techniques because its low processing temperatures allow for simulta-
neous deposition of both biomolecules and CaP [169]. This method incorporates the
growth factors directly into the inorganic layer, which is conducive to a sustained
biological activity for a considered period of time. However, the reproduction of the
mechanical properties and the intricately structured organization of bone have not
yet been achieved for the bioinspired organic–inorganic composite coatings [170].
Moreover, the high cost of pure type I collagen and the risk associatedwith the animal
primary source of extracted collagen restrict its applications [171]. Therefore, the
organic–CaP composite coatings could provide an advantage over other materials
for bone repair application, but further clinical studies are required to validate its
effectiveness.

3.4 Laser Texturing and Analysis of Cellular/Surface
Interaction for Dental Applications

Laser modifications of metallic biomaterials is a process involving several different
physical aspects, by these quantum physics, electromagnetism and optics, chem-
istry, fluid dynamics, thermodynamics and metallurgy. On the other hand, interac-
tion between living cells, bacteria, virus and treated surfaces are of the same order of
complexity so, in the most part of research works activities are mainly experimental
following the trial and errors paradigm.



Surface Functionalization of Metallic Biomaterials: Present Trend … 327

The simulation of the interaction between cells and artificial surfaces is of utmost
importance in the field of metallic biomaterials. Therefore, many modelling studies
have been devoted to better understand how cells, interpreted as colloid particles,
behave in close proximity with textured surfaces. The interpretation of such peculiar
surface feature is believed to play a key role in adhesion/repulsion phenomena which
can significantly influence the performance of biomedical devices.

In the case of individual colloidal particles interacting with perfectly flat
substrates, the effects of surface chemistry have traditionally been described by
the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, accounting for interplay
between Lifshitz–Van der Waals and electrostatic forces. The more recent extended
DLVO theory also accounts for acid–base (AB) interactions,which are considered the
dominant contribution to attractive interactions [172, 173]. The Derjaguin approxi-
mation typically employed for DLVO representations of extended objects, however,
does not allow the description of interactions with rough substrates. Surface Element
Integration (SEI) has been introduced to calculate the interaction energy between
colloidal particles and textured surfaces [174, 175]. Within this approach, the cell
behaviour of textured surfaces is accounted for in terms of a reduction in the inter-
action energy for increasing values of average roughness [175]. The role of surface
protrusiondensity in decreasing the cell-substrate contact area has also beenpredicted
[176]. Other models have been developed to account for cell deformation in attempts
to interpret bactericidal behaviour for non-rigid bodies [176–178], describing contact
between a cell wall and patterned surface in terms of the minimisation of surface
free energy. All of these models, however, are based on adaptation of the cell wall
to well-defined textures, typically inspired by bactericidal biological surfaces and
modelled as regular arrays of simple geometric shapes. As a result, these approaches
are inadequate when considering more irregular textures such as those produced via
large scale processing in industrial contexts. Moreover, local non-covalent interac-
tions with the substrate, considered in the DLVO-based approaches, are not taken
into account, while fluid surrounding the cell, one of the most important mediators
in the interaction [179], is often neglected.

To provide a more robust theoretical framework accounting for the cellular prop-
erties of industrially-relevant textured surfaces, a model of cell-substrate interactions
was proposed in [180] where bacterial cells are described as deformable objects in
the framework of molecular dynamics (MD), overcoming limitations associated with
the aforementioned approaches in view of a unified theory for the cell properties of
textured surfaces (Fig. 21). Cells immersed in a computational fluid representing the
surrounding environment interacted with a computational substrate via specifically
tailored physicochemical processes. Owing to the spatial resolution enabled by the
MD framework, the model allowed the interaction energy of cells and surfaces to
be determined in a manner that closely resembled experiments, without the need for
geometric approximations.

The feasibility of the approach was assessed by simulating the interaction of cells
with surfaces chosen to represent stainless steel substrates textured with ultrashort
laser pulses (LIPSS), shown to exhibit antibacterial properties in the literature. A
statistical analysis was carried out considering a wide range of surface morphologies
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Fig. 21 Local stress on the
cell wall. Example of a
spherocylindrical cell
adhered to a substrate
characterised by LIPSS. The
false colour map represents
the local stresses on the cell
walls in an adhesion
experiment and example of
normalised frequency
histogram of the maximum
local stresses produced with
200 simulations [79]

and different shaped cells. The mechanical properties of the latter were assigned
based on currently available experimental data, with the antibacterial properties of
each surface quantified in terms of local stresses acting on the bacterial cell walls.
Dependence of simulation outcomes on parameters relating to surface chemistry
leads to a novel interpretation of the antibacterial effects of textured surfaces.

Applications of laser texturing for dental applications can be found in different
works. The majority of then refer to titanium-based alloys that capture the largest
market share. In [181] the response of osteoblast cells to textured Ti-6Al-7Nb
samples, in that work both polished and sandblasted samples were textured with a
picosecond laser to over impose LIPSS on the original topography, authors measured
a significant increase of osteoblast proliferation and an appreciable retardation of
initial bacterial adhesion of textured surfaces compared to bare ones (Fig. 22).

A second harmonic picosecond laser was employed in [182] to generate LIPSS
on Ti6Al4V on dental abutments and the positive effects on the biofilm formation,
precursor to the osteointegration, was assessed.

From amanufacturing point of view, dental implants are characterized by complex
geometries highly customized. In [183] authors propose methods for efficient gener-
ation of LIPSS on screw like geometries looking forward for future mass production
(see Fig. 23).

DLP method, that employ cheaper and simple nanosecond pulsating laser was
successfully employed in [184] and [185] to generate crosshatched and hexagonal
patterns with the final double aim to improve biological colonization in the osteoin-
tegration process and to induce a favorable strain and stress field at the implant/bone
interface to increase the implantation success rate.
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Fig. 22 Example of LIPSS based texturing of Ti-6Al-7Nb surfaces for dental implants. On the left
untreated and textured examples starting from polished surface, on the right the over impose of
LIPSS texturing on the sandblasted initial surface is shown [181]

4 Challenges

The future step in the orthopedic implants’ development uses bioinspired multi func-
tional surfaces derived from human-made components. Human bones’ remarkable
and extraordinary qualities come from their multi-faceted, multi-scale and hetero-
geneous tissue structure that’s hierarchical in nature. The reason these traits are
so impressive is because of human evolution over thousands of years—which is
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Fig. 23 Fast LIPSS
scanning process of the
dental implant [183]

why transitioning bone structures into artificial implants that mimics these prop-
erties is highly beneficial. The development and repair of bone requires a detailed
understanding of the interplay between its structure and properties. Consequently,
providing an insight into the bone’s fundamentally hierarchical nature will be
extremely helpful when creating appropriate bone-replicating implants for regen-
eration and repair. This can be achieved by thoroughly examining the formation
and repair of bone at the molecular and cellular level. Thus, to fabricate reliable
surfaces, it is crucial to consider many factors including size, surface properties,
drug absorption and cellular interaction.

Additionally, characterizing and testing these systems in vitro and in vivo is chal-
lenging. This is because it is difficult to create a system that is both easy to prepare,
affordable and biocompatible. In particular, it is challenging to obtain proper surface
characteristics according to the following lack of knowledge and needs:

– Selecting surface functionalities in order to correctly confer to the right surface
area the desired property.

– Selection of the right modality to achieve the required surface functionalization.
– Having a uniform standard for characterizing the functionalized surfaces for

biomedical applications.
– Optimize the density and arrangement of surface functionalities.
– Maintaining the surface efficiency in vivo.

Thus, it is necessary to work in order to fill the gap between the actual know-
how and the trend of high specialized surfaces for fabricating the fourth generation
implants.
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5 Conclusions and Future Perspectives

Decades of research and development in medical fields and materials technologies
can be summarized into three development phases: (i) first-generation implants (bio-
inert)with tremendousmechanical properties for replacing injured bones; (ii) second-
generation implants (biocompatible) characterized by high-affinity with surrounding
tissue structure supporting osteoconductivity; (iii) third-generation implants (bioac-
tive) equipped with excellent osteoconductivity, osteoinductivity, osteointegration
and superb anti-infection ability. Thus, we are now seeking for the possibility
to develop and fabricate the fourth-generation implants with advanced multifunc-
tional surface functionalization able to produce devices that replace defective tissues
responding, at the same time, to external stimuli (e.g. mechanical, chemical and
biological).

Case studies reported herein explain howprogress in surface functionalization and
post-manufacturing integrity seriously influence the overall implant characteristics
dictating its success or failure for clinical use. In particular, each functionalization
methodology reported in this work influences the overall implant surface character-
istics based on the desired specifications. The lack of metrics in measuring surface
characteristics in biomedical applications represents a serious obstacle to an effective
research progress in this field.

Thus, numerous questions are emerging in order to prove clinical application of
innovative functionalized implants:

– How to strike a perfect balance between different properties of anti-infection,
os-teointegration and anti-inflammation.

– How to standardize surface characterization techniques in order to systemat-
ically compare different surface modifications and their effects on surfaces’
performance.

– Understanding the intricate relationship between the surface structure build-up
and the bone properties.

– How to determine optimal concentrations of various surface functionalization
re-sults to maximize bone healing and avoid tissue malformation.

– How to select the right combination of functionalization parameters to obtain the
desired surface state and characteristics.

It is vital to consider the long-term stability, durability and cost effectiveness
of prospective medical implants when fabricating them. The same applies to their
large-scale reproducibility. Additionally, it’s crucial to consider the durability and
stability of biomaterials when designing implants. Once designed, the next step
is to fabricate these implants for clinical practice. In order for future implants to
cost-effectively serve patients throughout their lives, researchers need to provide
detailed instructions. These instructions should include methods of use, indications
and potential complications. Additionally, surgeons should have easy access to these
instructions so they can perform effectively. With these considerations, surgeons
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and patients will have access to next-generation implants with improved bioinspired
surfaces.
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materials in the implementation of a long and healthy life policy. Processes 9(5). https://doi.
org/10.3390/pr9050865

31. Kaur M, Singh K (2019) Review on titanium and titanium based alloys as biomaterials
for orthopaedic applications. Mater Sci Eng, C 102:844–862. https://doi.org/10.1016/j.msec.
2019.04.064

32. Zhang LC, Chen LY (2019) A review on biomedical titanium alloys: recent progress and
prospect. Adv Eng Mater 21(4):1–29. https://doi.org/10.1002/adem.201801215

33. WarburtonA,Girdler SJ,Mikhail CM,AhnA,Cho SK (2020)Biomaterials in spinal implants:
a review. Neurospine 17(1):101–110. https://doi.org/10.14245/ns.1938296.148

34. Sezer N, Evis Z, Kayhan SM, Tahmasebifar A, Koç M (2018) Review of magnesium-based
biomaterials and their applications. JMagnesAlloy 6(1):23–43. https://doi.org/10.1016/j.jma.
2018.02.003
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