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Preamble—Innovative Product Development
by Additive Manufacturing 2021

Additive manufacturing processes are already being used successfully in aviation, the
automotive industry, mechanical engineering and toolmaking, medical technology and
many other areas of our economy. The industry around additive manufacturing machines,
materials, services and development tools already employs several hundred thousand peo-
ple worldwide. Nevertheless, it can be said that additive manufacturing is still a relatively
new discipline with high growth prospects and innovation potential that is far from being
exhausted. Bionic shapes, graded materials and integrated high-efficiency effects are only
at the beginning of their implementation in series products. The advantages of high flex-
ibility, low material input and targeted individualization over conventional processes are
far from exhausted.

Key competencies for product creation through additive manufacturing lie in design
and development.

Building on the six conference volumes of previous years in German called “Konstruk-
tion fiir die Additive Fertigung”, the book “Innovative Product Development by Additive
Manufacturing 2021” provides insights into the most current research and development
topics on additive manufacturing.

The individual chapters are divided into the following focal points:

e Design and optimization
e Simulation, validation and quality assurance
e Specifications, potentials and solution finding

For the seventh time, the Institute for Product Development (IPeG) of the Leibniz Uni-
versity Hannover and the Laser Zentrum Hannover e.V. (LZH) held a workshop on the
topic of additive manufacturing. This book contains the written elaboration of the papers
presented during the workshop.
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Abstract

With the help of effect-engineering, highly efficient additively manufactured products
with a high-power density can be designed. The potential of product development lies
in the conceptualization design and embodiment design phases, which have, however,
only been methodically analyzed to a limited extent. Effect-engineering offers the pos-
sibility to resolve constructive contradictions and to influence disturbance variables.
The research question answered in this article describes how a methodical procedure
for effect-engineering must look to design highly efficient products for additive manu-
facturing. Simulation and multi-criteria optimization are particularly challenging in this
context. For this purpose, a framework of effect engineering will be developed and the
effects that offer significant added value for additive manufacturing will be shown.
Furthermore, new system technologies in additive manufacturing are presented, which
serve as enablers of the various effects. As a result of the contribution, the method of
effect-engineering is successfully applied to two application examples.
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1 Introduction

The challenges facing our society are manifold and range from the generation of sus-
tainable energy to nationwide mobility and healthcare. Examples include efficient power
plants and energy storage systems as well as vehicle drive concepts, but also durable and
affordable prostheses and implants. Limited resources are available to meet these chal-
lenges. This requires products that fulfill their function in an energy- and material-efficient
manner throughout their entire life cycle [1, 2].

Engineers realize the functions of products at the component and system level with the
help of effects based on natural laws [3]. The component shape is described by geometry
and material. The technology of additive manufacturing enables freedom of design and
material engineerings, such as internal structures and graded materials [4, 5]. This makes
it possible to manufacture ultra-light components with high load-bearing capacity and
functional integration in a resource-saving way.

Effects as working principles can be implemented in this way in a novel, improved,
individual or combined way. However, only initial approaches are known for this, which
only show the basic mode of operation and are mostly exploratory. For the next gen-
eration of product development of structural components, the technology of additive
manufacturing, therefore, promises to open up great optimization potential [4].

There is now a whole range of scientific work on the design for additive manufacturing
(DfAM), its potential, and the associated process [6-9]. Although the further development
of manufacturing and process technology is being intensively accompanied scientifically,
there is still a need for research about the interaction between the manufacturing process
and the effects to be realized. The question of how to design for additive manufacturing
processes has also received little attention so far in the DfAM research field [9, 10]. Only
a few papers deal with the realization and optimization of effects through additive manu-
facturing [11-13] or the question of adapting the design process and suitable procedures,
methods, and tools for the product development of additively manufactured components
[9].

The decisive phases of conceptualization design and embodiment design have so far
only been methodologically analyzed to a limited extent [9, 14, 15]. It is precisely in
these phases that there is considerable potential for integrating and combining effects to
increase the efficiency of the product and to be able to influence disturbance variables [3].
In particular, the core components of machines should be the focus here. Thus, effects
such as damping and structural properties [16], heat and mass transport [17], as well as
the guidance of electric or magnetic fields [18] can be combined. Occurring constructive
contradictions of the effects can be significantly reduced using additive manufacturing
[4, 6].

The aim should therefore be to realize effects through additive manufacturing in such a
way that they guarantee optimum functionality with minimum use of resources. If several
functions, for example, the conduction of magnetic flux, the reduction of eddy currents
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and heat transport, are to be realized simultaneously, the interactions are decisive and
must be researched and implemented about multi-criteria optimization. To achieve these
goals, theory-based concepts and models for the implementation of functions through
“printed effects” must be developed, which exploit the material-technical and construc-
tive design possibilities of additive manufacturing. This requires precise knowledge of the
interactions between the material, manufacturing process and component design. To this
end, this paper presents a framework for effect-engineering that will help to manufacture
efficient products with a high degree of functional integration in the future. The poten-
tials of effect-engineering are then demonstrated for two application areas. Finally, new
manufacturing technologies in additive manufacturing are presented, which are essential
for the implementation of effect-engineering.

2 Potentials of Effect-Engineering

Requirements are the basis of every product development. The requirements resulting
from the higher-level objectives, such as a reduction in the use of resources, or an increase
in efficiency or service life. The starting point for product development can also be social
aspects such as the customer’s desire for increasingly individualized products [19] or
the improvement of existing product properties [20], e.g. an increase in performance or
improved biocompatibility of materials [21]. The derived requirements for the product
are broken down into required product properties and functions [3]. Properties are mea-
surable values that the component must fulfill, such as efficiency or maximum weight.
Functions include the conversion of energy, signal or information. For this purpose, the
function can be divided into sub-functions. To achieve the defined (sub) functions, suit-
able effects are combined and implemented in the design of a component. To implement
novel design methodologies, it is necessary to extend the existing limits of manufacturing.
The combination of different materials through multi-material manufacturing requires a
comprehensive understanding of the material system thus created and thus a complete
reconsideration of the manufacturing parameters. New concepts must also be developed
for both manufacturing and recycling. Figure 1 shows the printed effects in the context of
the development methodology to explain the relationship.

The design freedom of additive processes results in outstanding opportunities to miti-
gate conflicting goals that typically occur in the development process and thus to realize
functions more efficiently in components. Up to now, components to be manufactured
additively have already been designed about thermal and mechanical properties [22-24].
However, the constructive design is only based on experience. A holistic and systematic
approach is missing [25].

Typically, to solve conflicting goals in development, contradictory “disturbing” effects
are outsourced to sub-modules and each module is optimized separately. This means that
potentials about the higher-level objectives of product development are not exploited.
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Fig.1 Development methodology for integrated, highly efficient “printed effects”

However, the higher the realizable degree of effect integration, the better these super-
ordinate objectives are implemented. Therefore, a new approach is needed in product
development that takes a holistic view of the effects and attempts to optimize them not
individually but in combination. Thus, there is an essential need for research to com-
bine effects and to identify a compromise between contradictory effects, to methodically
process them and to optimize the design on this basis.

A successful approach to resolving constructive contradictions is TRIZ or the further
development TRIZ REVERSE [26-28]. TRIZ is a collection of methods for the systematic
design of innovative products. A result is a methodical tool that can be used to specifically
identify and solve contradictions in technical systems [27]. One of these methodological
tools is the contradiction matrix in combination with the inventive principles [26, 27]. The
inventive principles provide a solution approach for each contradiction, but not a complete
solution [27]. The engineer’s experiential knowledge is still required to formulate the
solution approach.

TRIZ REVERSE is suitable for concretizing these solution approaches [27, 28]. Here,
experts take a closer look at an effect and try to assign this effect to different inventive
principles to provide solution proposals for different contradictions. In this way, expert
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knowledge is made generally accessible. TRIZ REVERSE is particularly relevant in the
field of additive manufacturing to make new realizations of effects available to the general
public.

In [27, 28], an optimization process for TRIZ REVERSE has already been developed,
so that the first approaches to development environments have already been established,
with the help of which constructive contradictions can be solved in a partially auto-
mated way. However, the multi-criteria interpretation of effects and their mappings in
development environments remains challenging.

Furthermore, the interactions between the materials used, the manufacturing process
and the effects must be systematically analyzed and the efficiency of the effects optimized
based on this knowledge. Table 1 shows without claiming to be complete—a collection
of effects that provide significant added value for additive manufacturing or could do so
in the future.

In the following, the approach of effect-engineering will be exemplified. Effect-
engineering is an approach to break down global requirements to local properties. Like in
a topology optimization every element within the structure is evaluated and iteratively

Table 1 Effect collection

Nr Effects Application Source
1 Biomedical effects Drug delivery [33]
Tissue engineering [33]
Regenerative medicine [33]
Endovascular surgery [34]
Orthodontics [34]
Orthopedics [34]
Bioprinting [35]
Biomedical devices [35]
2 Damping effects Particle damping
@ Blades and blisks [36-38]
@ Brake discs [16, 29]
@ Brake shoe holders
@ Cutting tool holders [30]
@ Gears
@ Motorcycle triple clamps [31]
@ Wheel carrier [39]
Internal structures
@ Particle accelerators [40, 41]

(continued)
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Table 1 (continued)

Nr Effects Application Source
@ Aerospace components [42]

3 Electrical effects Heating elements [43]
Electric motors [44]
Sensors [45]
Flexible circuits [46]
Resistive actuators [47]

4 Magnetic effects Electric motors [6, 12, 18, 48]
Optical lenses [18, 49]
Sensors [50]

5 Shape memory effects 4D printing [51]
@ Self-assembly [52]
@ Multi-functionality or self-adaptability [52-54]
@ Self-repair [55]
@ Soft robotics [56]
Civil engineering [57]
High-load actuators [58]

6 Thermal effects Heat exchangers HX [17, 59-62]
Injection nozzle [63]
Injection molds [64]
Die casting [65]
Pistons [66]
Heat sink for Nd: YAG laser crystals [67]
Spark plug [68]
Gas turbine [69, 70]
Actuator [47,71]
Sensors [47]

decided which properties would benefit the component most. Additive manufacturing
enables this approach by locally setting elements into structural materials, powder damp-
eners [29-31], heat conductors (by filling media into cooling channels, creating isolating
air pockets or manufacturing multi-material parts) [32], void or others and therefore
setting local properties [4]. To evaluate the efficiency the load on each element of a dis-
cretized model is analyzed. Figure 2 shows an example of this optimization process using
a discretized beam on which a load spectrum of thermal (7") and mechanical (F, I) loads
acts. In the initial situation, the multitude of elements is not loaded, or the material of the
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Fig.2 Performance enhancement through effect-engineering

element is not suitable for the occurring load. To increase the performance, the component
must be optimized. With optimization in terms of stiffness, the efficiency can be increased
because the component mass can be saved. Nevertheless, with this design method, the
component is still not optimally adapted to the further loads (thermal and impulse). To fur-
ther improve additively manufactured components, more physical effects can be included.
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For example, high heat dissipation can be achieved through multi-material production or
the integration of cooling channels. To ultimately get the most out of the component, par-
ticle dampers should also be integrated into the component. It should be emphasized that
the effect-engineering should be formulated as a single optimization problem to be able
to calculate the best material distribution. The lower part of Fig. 2 shows an exemplary
histogram for the element loading of the individual variants. The element performance is
plotted on the abscissa. This describes the degree of stress on the element for the dominant
stress type. With such an approach, the optimal material distribution can be realized with
minimum weight and thus maximum efficiency, which also increases the power density.

Designing and evaluating these effects in a component is challenging because the inter-
nal effects have to be understood and characterized, and algorithms have to be adapted to
decide where to put which property. To achieve effect-engineering, several challenges in
product design must be mastered. Targeted multi-objective optimizers must be developed
for the design, which determines the rough shape. In addition to the simulative design,
development environments should be set up with which the process chain in mind [13].

Nevertheless, the methodical procedure for effect-engineering is highly application-
specific and is to be shown exemplarily for the dynamic loadings and thermo-mechanical
stresses.

The additional degree of freedom due to the combination of two materials allows the
integration of a wide range of effects in the product development process. In particular,
the use of copper with very high electrical and thermal conductivity in combination with
a steel alloy as structural material offers a wide range of potential applications. Examples
of utilizing thermal conductivity include the use of multi-material additive manufacturing
in heat exchangers. Due to the high thermal conductivity of copper and a large surface
area, the heat transfer between media is more efficient, so that the power density of the
heat exchanger can be increased. At the same time, sufficient rigidity can be ensured at
necessary points and on the housing through the use of steel.

Furthermore, other possible applications are conceivable. For example, tools, like dies
in extrusion, can be cooled in a process-integrated manner by using copper in areas
close to the surface. In combination with tool steel as secondary material, the neces-
sary strengths for the forming process are nevertheless achieved. In contrast to cooling,
induction heating can be used to achieve component heating in forming tools by utiliz-
ing the high electrical conductivity of copper. The required copper coil can be integrated
directly into the tool using multi-material additive manufacturing.

Integrated coils can also be used to realize component-integrated sensors that detect
effects based on electric or magnetic fields. For example, eddy-current testing can be
performed by two coils to detect cracks or similar component failures that occur during
the product life cycle. Another possible application is the integration of an electromagnetic
flowmeter in areas that are located inside a component and therefore cannot be reached
with conventional sensors.
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To explain and concretize this, two application examples are presented and dis-
cussed below in which effect-engineering delivers significant added value. The examples
illustrate that effect-engineering is an emerging field and that the potential of additive
manufacturing is far from exhausted.

2.1 Application: Design of Particle-Damped Structural Components

Using the effect of particle damping, component vibrations can be reduced by up to a fac-
tor of 20 over a broadband [72, 73]. Here, the LPBF offers the possibility of integrating
unmelted powder into cavities in a targeted manner [74]. Through particle interactions,
the energy can be conducted out of the system and thus the high damping can be realized.
A schematic representation of a particle damper can be seen in Fig. 3. In the figure, it can
be seen that for a particle-damped beam the vibration amplitude decreases significantly
compared to the fully-fused beam. Areas of application are, for example, cutting tool
holders turbines/compressor blades or motorcycle triple clamps [31]. Thus, the conflict
of objectives between these 3 variables can be resolved in terms of TRIZ REVERSE by
the effect of particle damping. For example, the particle-filled cavity can be placed in
the area of the neutral fiber so that the stiffness is hardly influenced. However, due to
the high nonlinearity, modeling is challenging. For this reason, experimental parameter
studies must be carried out to describe the effect so that mechanical substitute mod-
els can be derived on this basis. Subsequently, the aim is to build a multi-objective
optimizer with which components can be optimized in terms of mass, stiffness and damp-
ing. It is particularly challenging to implement a substitute damping in the FDM model,
which reproduces the force and frequency-dependent progression. Approaches to partially
automated reconstruction must also be taken for the subsequent detailed design.

1 ! Fully-fused beam §
0.9 —— Fully-fused '
T Particle damped | | : | N
0.8} ] / !
! N\
~ . d
0.6} Particle damped beam N
£ : ’ N
0.5} < 1 ~
B | I N
g 04} :
03} | . Q
02 — 0@
0.1} ] 5 O Q
0 T
Natural frequency fo [HZ] [ Vibrating structure [ Particles [__] Cavity

Fig.3 Schematic representation of a particle damper
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2.2 Application: Thermomechanical Systems

Thermal structures have to withstand several types of loading. Mechanical loads have to
be transferred from the source (pressure, contact forces, ...) to a sink (bearing, balanced
against another pressure, ...). The path that needs the least amount of material or mass
can be found by topology optimization [75, 76]. Usually, the approach here is to remove
material where stresses are low. Thermal stresses on the other hand arise from a heat flow
through a part. This creates a temperature gradient from the source to the sink. Taking
thermal expansion into account elements expand more than their lower temperature neigh-
bors. The Youngs-modulus of the material renders these strains into very high stresses [77,
78]. The issue gets worse when considering that a full metal (or any other structural mate-
rial) part usually works under high loads. Topology optimization just removes unnecessary
mass. Due to the structure-borne loads like thermal stresses do not work out of the box
because the right elements have to be removed to reduce stresses. This topic is not new
and focuses on several optimization approaches [78—80]. Especially the design freedom
created by additive manufacturing is pushing established algorithms to their limits. The
presented approaches are all mostly a proof of concept for thermo-mechanical topology
optimizations and only show 2D designs with filigree fractal structures similar to heat
flow optimizations shown by Bendsge and Sigmund [76].

Real-world components in high-temperature applications like pistons, exhaust washed
structures, turbochargers or turbines experience several types of loads. Vibrations in com-
bination with high demands on fatigue life prohibit fractal structures as described in [81,
82]. Additionally, the high temperatures weaken the material by increasing elastic and
plastic deformation. Optimization for these applications must therefore include/derive
thermal sinks like cooling channels, consider dynamic loads or at least favor coherent
structures and consider mechanical loads.

The effect-engineering approach here is to discretize the structure and analyses each
element for the cause of stress (Fig. 4). Then in iterative steps elements are converted
to whatever distribute the loading in the structure. This can be, for example, a cooling
channel, structural material, or simply void. In this way, not only mechanical loads but
also thermal loads can be balanced. An example of an iterative process is presented below.

To ensure material integrity, mechanical and thermal loads must be distributed as
evenly as possible across the structure. This is to avoid excessive stresses, damage, and
failure in a component subjected to high temperatures and pressures.

2.3 Additive Manufacturing Technologies
The further development of additive manufacturing processes is crucial for the implemen-

tation of effect engineering. For example, commercial systems exist for the multi-material
production of plastics as well as metals. Using fused layer modeling (FLM) printers, the
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Thermal Strain

Fig.4 Figure load distribution due to heat and pressure on a piston designed for additive manufac-
turing

material can already be varied locally through several nozzles or print heads and, for
example, hard and ductile materials can be processed in one component. In addition, the
system technology has already reached a stage where sensors can be integrated into com-
ponents. Either by pausing the building process and inserting the electrical component
or by integrating nanoparticles locally directly into the component. However, the latter
process 1is still at the research level.

In the field of metallic multi-material production, systems for build-up welding already
exist [83—85]. This makes it easy to produce multi-materials and graded materials. For
example, copper cooling channels can be integrated into components or the component
hardness can be graded.

In addition to build-up welding, there are also modified LPBF systems that can be used
to produce multi-material components [86]. The multi-material design makes it possible
to realize physically contradictory effects in one component. Using conventional manufac-
turing processes, these multi-material components, with arbitrarily complex geometries,
can only be realized with intensive technical and economic effort [10].

Figure 5a shows an example of a system for additive manufacturing of multi-materials
with the LPBF process that uses drums for the coating mechanism. The special feature
is that the respective powder adheres to the surface of the drum by a vacuum and can be
selectively detached within a build-up layer. As a result, complex 3D-multi-material com-
ponents can be generated, which have an arbitrary material distribution in all three spatial
directions (see Fig. 5b) Compared to buildup welding, the LPBF process is characterized
by a higher precision of the process, which consequently leads to the high accuracy of the
part geometry and better surface roughness [87]. Materials that are difficult to weld, such
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Fig.5 Construction for the LPBF process with integration of a multi-material coater (a), exemplary
example of a 3D multi-material component (b)

as titanium and aluminum, can be manufactured. However, the long production times and
the small installation spaces are disadvantages

3 Conclusion

In this paper, a framework for effect engineering has been built. With the help of effect-
engineering, highly efficient additively manufactured products with a high power density
can be designed. It was shown that the potentials of product development lie in the
phases of conceptualization design and embodiment design and that these have so far
only been analyzed methodically to a limited extent. The method of effect-engineering
provides the possibility to resolve constructive contradictions and to influence disturbance
variables. The method is based on the TRIZ and TRIZ REVERSE approaches. It was dis-
cussed that with multi-physical loading, a multitude of effects must be integrated into
a single component, such as heat transfer and dampening, to design efficient products.
However, simulation and multi-criteria optimization remain challenging. As a result of
the contribution, the method of effect engineering has been implemented in the process
chain of additive manufacturing (Fig. 6). It can be seen that up to now especially the
phases of planning, Pre- In- and Post-process have been methodically examined and now
a methodical approach to the phases of conceptualization design and embodiment design
has also been developed. As a result of the contribution, the method of effect engineering
is successfully applied to two application examples.
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Abstract

Wire-and-arc-additive-manufacturing (WAAM) can be employed with Gas-Metal-Arc-
Welding, Gas-Tungsten-Arc-Welding or Plasma-Welding to manufacture steel parts
with higher deposition rates than other additive manufacturing processes. WAAM can
be used to produce graded components. A graded component can be described as
a component with varying material properties, such as varying hardness. The work
focuses on manufacturing a component out of G3Sil with a pre-defined hardness pro-
file. The targeted hardness profile was a constantly increasing hardness along the build
direction. Since the hardness of steel is strongly dependent on the cooling rate, faster
cooling rates in upper layers are desired. A calculation of the components thermal
behavior was used to detect the necessary trends of the process parameters. Finally, a
component with the planned process parameters was manufactured and the resulting
hardness profile was evaluated.
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Nomenclature

Value Unit Description

b m Wall width

o m¥(4 Stefan-Boltzmann constant

Csteel kg% Specific heat capacity of G3Si

dire m Wire diameter

1 A Current

Mgteel kg Mass of one layer

q J Heat input

0 kJ Heat quantity

t S Duration

Tsteel Total temperature change

U Voltage

Vwire m/s Wire feed speed

w m Weld bead width

X m Distance in build-up direction

®cond % Conduction coefficient

Oconv % Convection coefficient

AT ¢onduction K Temperature change based on conduction
AT convection K Temperature change based on convection
AT emission K Temperature change based on emission
& 1 Emission coefficient

n 1 Efficiency rate

n:lK Heat conductivity

P % Density
1 Introduction

Additive manufacturing (AM) describes manufacturing processes, which allow the pro-
duction of components by depositing material layer-wise on each other. AM offers the
possibility to manufacture complex parts with low buy-to-fly ratios. The buy-to-fly ratio
is the ratio of material input to output [1]. Different additive manufacturing processes
for producing steel parts have been described in literature. These can be, amongst others
subdivided into powder bed fusion (PBF) and direct energy deposition (DED) processes
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[2, 3]. Examples for PBF processes are Selective-Laser-Melting (SLM) or Selective-
Laser-Sintering (SLS) [4]. One way to differentiate DED processes is by the energy
type. There are DED processes, which work with a laser like Laser-Metal-Deposition
(LMD), with an electron beam (EBMD) or with an arc like the Wire-and-arc-additive-
manufacturing (WAAM) process [3, 5]. WAAM can be done with different welding
processes like Gas-Tungsten-Arc-Welding (GTAW), Gas-Metal-Arc-Welding (GMAW) or
Plasma-Arc-Welding (PAW) [6].

Rodrigues et al. study the effect of different travel speeds on the hardness and
microstructure. Therefore, two samples out of a low-carbon high-strength steel (AWS
AS5.28 ER110S-G) with different travel speeds are manufactured. It is shown, that the
hardness decreases along the build direction. It is also shown, that with more heat input
(=lower travel speed) the hardness shows a stronger decrease as with less heat input [7].

Marinelli et al. use GTAW to produce a component out of two different materials.
Therefore, the authors build a component with two wires on top of a tantalum plate.
They use one wire made from molybdenum and one tungsten wire. The first eight layers
are produced with the molybdenum wire, while the ongoing six are manufactured with a
tungsten wire. After the wire switch, a reduced wire feed speed is used to manufacture
the first three layers. This leads to a non-uniform element composition within the work
piece. The result is a component with a varying hardness through build-up direction [8].

To increase the build-up speed different cooling methods for WAAM have been stud-
ied. Reisgen et al. build-up work pieces out of G3Sil to compare different cooling
techniques. Water bath cooling, cooling with pressured air and aerosol cooling are com-
pared with each other. For water bath cooling, the work piece is submerged, so that only
the highest 10 mm are above the surface. Pressured air-cooling blows pressured air onto
the work piece during idle times. Aerosol cooling works during the deposition process.
Aerosol cooling blows a mixture of water and air, 500 mm behind the welding torch, onto
the work piece. It is shown that water bath cooling has the highest cooling rates [9]. The
cooling rate is an important factor for the work piece hardness. As faster, the cooling rate
as harder the work piece.

Henckell et al. build a WAAM component out of low-alloyed steel (G4Si1/SG3) with
two different contact-tip-working-distance (CTWD) in GMAW. Microhardness analysis
show an increased hardness in the first layers, a constant hardness profile in the middle
of the component and another hardness rise in the last few layers. The hardness profile
is shown in Fig. 1. It was shown, that a higher CTWD led to shorter tg/5-duration and
thereby to a harder deposition. The #g/5-duration describes the duration of a work piece to
cool down from 800 to 500 °C. This is caused by the lower energy input per unit length
due to the higher CTWD [10].

In this work, the process parameters are planned in a way so that the achieved hardness
profile continuously increases through the build-up direction. The parameters to differ is
the cooling duration between the layers, the travel speed and the wire feed speed. By
evaluating the heat behavior of the work piece, process parameter trends, which lead to
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an increasing cooling rate are found. Higher cooling rates lead to a finer microstructure.
Due to the Hall-Petch relationship, a finer microstructure results in a harder deposition
[11].

The work piece hardness is an important factor for milling, since lower hardness leads
to less tool wear and shorter milling times. WAAM parts often need to be removed from
the substrate plate, with lower hardness in the lower layers, the used saw blades can last
longer. WAAM can be used for building bridges, profiles, turbine blades and injection
molding tools [12—14].

2 Materials and Methods

The specimen geometry can be descripted as a wall shaped component. It is manufactured
by moving the torch along a distance of 40 mm for 30 stacked layers. It is deposited on a
small substrate plate, which has the dimensions 12 x 7 x 70 mm. Since the small substrate
plate cannot be properly connected to the welding power source. The plate is fixed on
another substrate plate with two tack welds. To minimize heat conduction an air gap of
2 mm is left between the plates. The arc starting point is switched after each layer. The
travel speed is set to 400 mm/min. The torch is kept at the same position 1 s after the
arc start and 0.5 s before the arc stops. Before the pressured air cooling starts a waiting
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time of 1 s is held. The weld beads are deposited on a steel plate made out of S235J. The
chosen welding process is Gas-Metal-Arc-Welding (GMAW). It is chosen, because it is
widely applied in the industry and offers high build-up rates [15].

The manufacturing is done on a KUKA KR16 with an attached Abicor Binzel ROBO
WH W 500 torch. The current is supplied by an EWM Titan XQ 400 puls inverter welding
power source. Two work pieces are manufactured. One work piece is manufactured with
constant parameters within the whole build-up process. A second work piece is manufac-
tured with changing cooling durations, currents and travel speeds determined based on a
calculation of the thermal development inside the component (see Sect. 3). The cooling
is done after the deposition by blowing pressured air (5 bar) through a nozzle on the
work piece. A welding wire specified as EN ISO 14341-A: G3 Sil-8 is chosen. It is cho-
sen, because it is widely applied in the industry and shows a big hardness difference in
TTT-diagram [16]. The chemical composition of the wire is shown in Table 1.

A mixture of Argon and CO; is used as process gas. The mixture is standardized in
ISO 14175 as M21 with a composition of 82% Argon and 18% CO;. The gas flow is set
to 10 I/min. The CTWD is set to 12 mm. The torch is raised by 1.1 mm after each layer.
All parameters are listed in Table 2.

Table 1 Chemical composition in weight percent (wt.%) according to EN ISO 14341-A [17]

C Si Mn P S Ni Cr Mo Cu Fe
0.06-0.14 |0.7-1 1.3-1.6 [0.025 |0.025 |0.15 |0.15 |0.15 |0.35 |Balance

Table 2 Process parameters Reference work | Graded work
piece piece
Travel speed 400 mm/min Adapted based on
Sect. 3
Interlayer cooling 5s Adapted based on
duration Sect. 3
Cooling Pressured air Pressured air
cooling at cooling at
145 1/min 145 I/min
Wire feed speed 4 m/min Adapted based on
Vwire) Sect. 3
Wire diameter (dyjr.) |1 mm 1 mm
Process gas ISO 14175 M21 | ISO 14175 M21
Gas flow 10 V/min 10 I/min
CTWD 12 mm 12 mm
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The temperature of the work piece is monitored using FLIR A325 IR-camera. For
calibration reasons a thermocouple of type N is placed inside a hole of the substrate
plate.

After the deposition, the hardness is measured along the buildup direction using the
micro hardness measuring method HV1 described in DIN EN ISO 6507. The distance
between each hardness imprint is 0.34 mm. Measurements are conducted on a Micro-
Vickers Hardness Testing Machine Qness Q10 A+.

3 Process Parameter Estimation

To estimate the process parameter trends to be used for producing the component with
the constantly increasing hardness profile. A calculation of the thermal behavior is done.
Therefore, the heat input amount is calculated with the current as I, the voltage as U and
the travel duration as ¢ as shown in Eq. 1:

q=nUIt (1)

The 7n is used as efficiency factor; according to Haelsig et al. the efficiency factor
for the here used short-circuit GMAW is n = 0.85 [18]. Based on the heat input the
temperature increase can be calculated with Eq. 2.

O = Cyteel * Mgteel * ATgteel )

The equation describes cgee] as heat capacity of steel. cgeel is given by Spittel et al. for
a temperature range between 100 and 1200 °C with an interval of 100 °C, in between lin-
ear interpolation is used to determine the right value. Above 1200 °C cgee 1S set constant
to 680 (£ [19].

The mass of the newly deposited weld bead is calculated as mgee] = % * dvzvire * Uwire *
t x p with vyire as wire feed speed and dyire as wire diameter. The factor ¢ describes
the elapsed time. The density (p) of steel with a carbon content of 0.06% is modeled
according to Spittel et al. in the same manner as the heat capacity. Above 1200 °C p is
set to 7400 %.

The heat conduction calculation is based on Eq. 3, the conduction coefficient is cal-

culated as ocong = ﬁ [20]. X is based on Spittel et al. and interpolated in the same

manner as p and cgee] With A = 30 % above 1200 °C [19].

9*T

ATconduction (X, 1) = | Qcond * Wdt €))

The heat loss of the work piece takes place through two different mechanisms
convection and emission, shown in Egs. 4 and 5 [20].



Wire-and-Arc-Additive-Manufacturing of a Component ... 29

ocony [ A * ATdt

Mteel Csteel

“

ATconvection (X, 1) =

[exoxAx Tt

Msteel Csteel

(&)

ATemission (X, 1) =

o is called Stefan-Boltzmann-constant and set to o = 5.67 %1078 m;’{<4 [20]. The work
piece surface is calculated as a half cylinder combined with a hemisphere with A =
w + 21 * <b4—2> for the top surface and as cuboid with A = 2xwxh + 2xbxh
for each layer in between, with b as bead width and w as wall width. Based on previous
experiments the wall grows by 1.1 mm every layer the width was set up to 50 mm and
the wall thickness is set up to 6 mm.

After setting up the equations the coefficients oony and € need to be estimated. Previ-
ous experiments were conducted by placing a thermocouple of type N inside the substrate
plate, see Fig. 2. Together with the measured emission intensity of the infrared cam-
era at the same position, an emission coefficient of ¢ = 0.9 can be calculated. The
convection coefficient ogoqy is calibrated by fitting the recorded thermal history of a
previous experiment to the simulated thermal history. The best fitting is achieved using
Qcony = S0 %K

To achieve an increasing hardness higher cooling rates are desired. Higher cooling
rates can be achieved through lower interlayer temperatures. The interlayer temperature is

the temperature of the previously deposited layer shorty before depositing the next one.

welding torch

arc strinking arc striking
point A point B

| pressured air
—:= = nozzle

Thermoelement Type-N

tack weld == . = tack weld

substrate plate - S235J

Fig.2 Experimental set-up with substrate wall build-up strategy, cooling set-up and welding torch
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To have especially low cooling rates in the beginning, the component is heated up to
250 °C.

Solving Eqs. 3-5, we observe an exponential cooling behavior. To get decreasing inter-
layer temperatures an exponential increase of interlayer cooling durations is advantageous.
Since lower interlayer temperatures can be achieved faster, when less heat is put into the
system, the current needs to decrease along the layers as well as the torch travel duration.

Based on the proposed model the following process parameter trends are planned:

e increasing the interlayer cooling duration exponential
e increasing the travel speed linear
e decreasing the current linear.

The interlayer cooling duration is planned so that the maximum interlayer cooling dura-
tion is below 3 min. Since an exponential behavior cannot be implemented into the robot
control, a linear increase of the cooling duration is planned. This means that after each
layer the cooling duration is extended by 5 s. The travel speed is varied within the lim-
its of a stable process. The current cannot be controlled directly, but since current and
wire feed are coupled dimensions, decreasing the wire feed will also decrease the current.
Since a lower wire feed speed results in less material to be passed to the arc, the wall
thickness decreases as well. The process parameters for each layer are shown in Table 3.
Using the shown equations and constants, the thermal history of the component is
calculated. Since the equations only consider one dimensional heat transfer, it is assumed,
that the temperature inside one layer is constant. In Fig. 3 the thermal history of the
component is calculated. It can be observed, that the cooling rate is faster in the lower
layers. However, since the layer temperature increases again with the heating up of the
following layers the critical #g/5-duration decreases with increasing layer number.

4 Results and Discussion

The reference work piece holds a height of only 22 mm, while the graded work piece
holds a height of 32 mm. The deviation is caused by the process parameters. Especially
the cooling duration affects the interlayer temperature and thereby the weld penetration,
which then affects the layer height [21].

After the conduction of the experiments, the work pieces are cut in half and the micro
hardness is captured. The resulting hardness profiles are shown in Fig. 4.

The hardness of the reference component (Fig. 4) shows a constant trend. Thermal
imaging showed that the heat could not be conducted to the lower substrate plate. Thereby,
the temperature of the component increased layer wise and the component cooled down
as whole. No gradient is achieved. This is contrary to the behavior of the component
in Fig. 1. This is because Henckell et al. deposited each layer after the previous layer
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Table 3 P.rocesslparameters Layer no | Interlayer Travel speed | Wire feed speed
for vyork piece with hardness cooling (mm/min) (m/min)
gradient duration (s)
1 0 210 55
2 5 223 54
3 10 237 53
4 15 250 52
5 20 264 5.1
6 25 277 5.0
7 30 291 4.9
8 35 304 4.8
9 40 318 4.7
10 45 331 4.6
11 50 344 45
12 55 358 4.4
13 60 371 43
14 65 385 42
15 70 398 4.1
16 75 412 4.0
17 80 425 39
18 85 439 3.8
19 90 452 3.7
20 95 466 3.6
21 100 479 35
22 105 492 3.4
23 110 506 33
24 115 519 32
25 120 533 3.1
26 125 546 3.0
27 130 560 29
28 135 573 2.8
29 140 587 2.7
30 145 600 2.6
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Fig.3 Result of thermal calculation, across different layers

cooled down to a temperature of 100 °C [10]. Moreover, Henckell et al. did not use a
heat isolating air gap under the substrate plate [10]. After depositing the last layer, the
lower substrate plate had a temperature of 50 °C. Thereby, it can be said, that the tack
welds together with a 2 mm air gap acted well as heat insulator. The mean value of the
hardness over the component is 122 HV.

The hardness profile of the graded component (Fig. 4) shows a clear linear increase
within the first layers. After 15 mm, the hardness only increases slightly. This is caused
by too long cooling durations. The cooling duration let the work pieces cool down to
room temperature and thereby to a constant interlayer temperature. This can be seen in
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Fig. 5 where a cutout of the layer temperature in the middle of the component is plotted.
The interlayer temperature leaves the measurement range and consistently stays below

1250

1000
750
500
~J
800 900

temperature in °C

600 700 1000

timeins

Fig.5 Temperature in the 13th layer of the work piece during manufacturing of this and following
layers
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it. This could have been prevented with shorter cooling durations and a slower rise of
cooling durations.

Faster cooling rates lead to a finer microstructure, which has a higher hardness than
a coarse one. The cyclical reheating of deposited layers induced by the deposition of the
following layers (see Fig. 5) produces tempering effects. Tempering is the reheating of
already solidified material. Due to tempering effects, the grain grows to a coarse lamellar
microstructure. Tempering also leads to increased grain sizes, which lowers the hardness
[11].

The last layers of the work piece show an increased hardness. The main reason for the
increased hardness in the last layers is the missing of tempering effects.

The work of Rodrigues et al. and Henckel et al. show a higher hardness especially in
the first few layers. This is caused by faster cooling rates resulting out of lower inter-
layer temperature at the beginning. We were able to prevent this in our work through
pre-heating and the planned process parameters. Even though the calculations were uncal-
ibrated and just consider one dimensional heat transfer, we were still able to propose
process parameter trends, which allow a hardness gradient in the work piece [7, 10].

A hardness cannot be foreseen in advance to the manufacturing process. This is caused
by the tempering effects in the microstructure. A TTT-diagram only show the expected
hardness based on one cooling cycle. In WAAM, the deposition runs through several
heating and cooling cycles. This is why TTT-diagrams cannot be applied for expecting
the deposition hardness in WAAM.

Since the thermal data, as plotted in Fig. 5, shows a cooling down to room temperature,
shorter cooling durations would be possible. This could also be done by using a closed-
loop cooling strategy, which uses the temperature of the last weld bead as input. Thereby,
the building time could be reduced and bigger hardness gradients can be achieved.

An uncertainty of the experiment is the voltage and current setting. No matter the used
power source, deviations in the voltage and current are inherent to the GMAW process.
This influences the amount of heat input. Moreover, the difference of the heat input could
be further increased by selecting an energy-reduced process (e.g. EWM coldArc) in the
upper layers. A bigger difference between the energy input will also lead to a bigger
difference within the #85-durations. Thereby, the amount of current per wire unit length
can be reduced. Another way to further reduce the heat input into the upper layers is to
lower the voltage [22].

A WAAM component with constant interlayer temperature would show a decreasing
cooling rate along the build-up direction. This is caused by a rising heat capacity of the
growing component.

Over the growth of the work pieces the mass of the work piece increases. Thereby, the
thermal capacity of the component increases. This naturally leads to lower cooling rates.
To have higher cooling rates even in upper layers changing the cooling process would
be beneficial. Faster cooling rates could have been achieved through different cooling
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methods like aerosol spray or water bath cooling. This would also increase the hardness
of the upper layers [9].

5 Summary and Outlook

The proposed process planning strategy allows the build-up of a component with a hard-
ness gradient. The process planning strategy is based on decreasing the energy input per
unit length, as well as increasing the cooling durations. The decrease of energy input per
unit length could be boosted by also lowering the voltage as well as using energy-reduced
processes in the top layers.

The hardness profile in the manufactured work piece is not strictly linear; this is caused
by to long pauses between welding, which lead to a constant interlayer temperature.
Shorter cooling durations could prevent this issue.

Future experiments can be conducted with a wire material holding a higher carbon
equivalent value. This would lead to martensitic hardening. The reheating of the already
deposited layers lead to a tempering effect. However, since the reheated microstructure is
cooled down fast again and does not stay at a high temperature for a long duration, the
tempering effect does not have a major impact on the martensitic microstructure.

Furthermore, a closed-loop cooling strategy, which controls the interlayer temperatures,
can be tested. Another set of experiments could also include a change of the cooling
processes during the build time.

Acknowledgements Funded by the Ministry for Science and Culture of Lower Saxony (MWK)—
School for Additive Manufacturing SAM.
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Toward a Design Compendium for Metal
Binder Jetting

Heiko Blunk® and Arthur Seibel

Abstract

In the field of metal additive manufacturing, the metal binder jetting process is mainly
characterized by its cost advantage and a higher level of detail compared to the estab-
lished laser powder bed fusion process. This allows the design freedom of additive
manufacturing to be applied to an even wider range of industrial fields. However,
to avoid costly iteration loops and to fully exploit the potential of metal binder jet-
ting, design guidelines are needed that systematically identify the restrictions and
possibilities of this process. Therefore, in this paper, a procedure for determining a
comprehensive design compendium is presented.

Keywords

Additive manufacturing « Metal binder jetting ¢« Design guidelines

1 Introduction

Additive manufacturing (AM) offers numerous advantages compared to conventional
manufacturing processes. These include, among others, a high degree of geometric design
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freedom that enables highly complex components to be manufactured with minimal mate-
rial input [1, 2]. However, widespread industrial applications are not yet given, as the low
build rates of most AM technologies lead to high part costs [3]. Compared to laser pow-
der bed fusion of metals (PBF-LB/M), which is currently the most commonly used 3D
printing technology for metal parts, the metal binder jetting (MBJ) process has a higher
build rate and resolution. In addition, MBJ allows the use of lower-cost metal powders,
the elimination of support structures, and enables nesting of components, resulting in a
greater utilization of the available build space, which results in significantly lower costs.
Compared to the PBF-LB/M process, costs can be reduced by more than 60% [4]. Hence,
the MBJ process is a promising alternative for the cost-effective production of metal
components [5].

In contrast to the established metal injection molding (MIM) and powder injection
molding (PIM) processes, the MBJ process is characterized by a higher design freedom
and cost effectiveness at lower batch sizes. This is mainly due to the elimination of
cost-intensive molds and dies. As a result, MBJ enables products to be launched more
quickly without complex design adjustments. The achievable component properties and
the application areas of the three processes are comparable [6].

However, most designers are accustomed to designing components for conventional
manufacturing methods, such as milling and casting, and often have limited experience
with designing products for additive manufacturing [7]. Costly and time-consuming iter-
ative loops as well as an insufficient exploitation of the process possibilities are the
outcome, which results in a significant influence of design guidelines on the acceptance
of the corresponding AM technology. These enable the designer to identify not only the
design limits, but also the possibilities that the technology offers [8]. Therefore, in order
to exploit the potentials of MBJ and to enable a wide range of industrial applications, it is
important to explore the design limitations of this new process and to translate the results
into a comprehensive design compendium.

2 Metal Binder Jetting

The metal binder jetting process is based on developments at MIT and was marketed
exclusively by ExOne until the first patents expired in 2010. Since then, several new
companies have established themselves in this technology area. In this process, a liquid
binder is applied to corresponding areas of a metal powder bed, then the powder bed is
lowered, and a new layer of powder is applied. The component is thus built up layer by
layer, as shown in Fig. 1. The layer thickness is typically approx. 42 pwm, but can be
increased to up to 200 wm depending on the system used. After the printing process, the
components are cured in an oven. In this process step, the water content of the binder is
outgassed and the parts solidify. The components are manually unpacked from the powder
bed and loose powder is removed. These so-called green parts have a density of approx.
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60%. The green parts are brittle at this stage and can be destroyed by improper handling.
The components are then placed on ceramic plates, also called setter plates, and are
thermally debinded in another furnace at higher temperatures. After this process step, the
components are very sensitive and may only be transported into the sintering furnace by
means of the setter plates to prevent damage. During sintering, the components are very
soft and may deform unintentionally due to shrinkage, friction between the components
and the sintering base, as well as their own weight [9-12]. After sintering, the parts are
solid and can be used or post treated if required. Instead of pure sintering, the parts can
also be infiltrated with a material that has a lower melting point, such as bronze [13]. As
this is a multi-material application, this variant is not considered in this paper.

3 Design Compendium

Based on previous experience with other additive manufacturing technologies, it has
become evident that design guidelines are an essential contribution to the acceptance and
implementation of an AM technology [14]. Despite existing guidelines, further in-depth
research is required to identify all aspects and challenges of the MBJ process [8]. Previ-
ous guidelines are mainly limited to the established AM processes such as PBF-LB/M or
fused deposition modeling [1, 15]. Other methods, for example, heuristic approaches, give
a general overview of design possibilities of additive manufacturing processes, but cannot
address the process and material specifics [16]. For metal binder jetting, only limited and
far from all-encompassing guidelines are available so far; for example [9, 17].
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3.1 Existing Design Guidelines

To evaluate the performance of additive manufacturing processes, benchmark parts have
been developed in the past [18, 19]. These are a combination of geometric artefacts
in various shapes to create one or more test specimens and can be classified as geo-
metric, mechanical, and process benchmark parts [20, 21]. While the mechanical and
process benchmark parts are used to determine mechanical characteristics as well as
process-related parameters, geometrical benchmark parts are used to determine geometri-
cal properties of components. However, in metal AM, these refer mainly to the PBF-LB/M
process [1, 15]. By use of such geometries, several design guidelines have already been
published for the production-oriented design of AM components. On the one hand, man-
ufacturing service providers or machine manufacturers provide rough guidelines [9, 17,
22] that allow an initial assessment of the possibilities with the associated manufacturing
system—but these do not show detailed process limits, see Table 1 as an example. On the
other hand, more in-depth guidelines are available from publications of research results,
which so far only deal with established metal AM processes [1, 23, 24].

The recommended guidelines given by the manufacturing services network 3D Hubs or
the company Sculpteo are more conservative and small in scope, which means that a full
utilization of the process options is not possible [25, 26]. Adam [15], on the other hand,
has developed a guideline for the systematic development of design rules and applied
it to the PBF-LB/M, selective laser sintering, and fused deposition modeling processes.
However, due to the different process conditions and limitations, the resulting guidelines
do not allow a full potential utilization of the respective manufacturing process, but rather
provide a basis for further research. In addition, the ISO/ASTM 52910:2018 standard
gives assistance for exploiting the possibilities of AM processes [27]. More details can be
found in the ISO/ASTM 52902:2019 [28] standard that describes several test specimens
that can be used to evaluate AM processes with regard to producible geometry elements.
Such test specimens have also been used in research before [15]. Nevertheless, even these
geometries do not allow a complete coverage of the interrelationships in the metal binder

Table 1 Basic recommendations for the MBJ process provided by Digital Metal [9]

Feature Dimensioning

Minimum size 1 x1x3mm

Minimum radius 35 pm

Chamfers 35 pm step size in mounting direction

Resolution 35 wm

Wall thickness >300 wm down to 150 pm, depending on wall thickness and design
Bore holes >200 wm, depending on depth
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jetting process chain, since, for example, the influences of the setter plate cannot be
adequately taken into account.

Due to the comparable process steps of debinding and sintering in MIM and PIM,
which are also required in MBJ, the findings can be well incorporated in MBJ-specific
design guidelines. For example, basic rules for sintering-compatible design can be incor-
porated. Various publications and manuals already exist for this purpose, which show the
possibilities and limitations of these processes [29-31]. However, in MBJ, the green parts
have different properties compared to MIM and PIM green parts due to the difference in
the manufacturing processes. Moreover, depending on the selected binder, solvent debind-
ing can also be performed in the processes in addition to thermal debinding [32]. For this
reason, a direct transfer of the design rules cannot be ensured and must first be verified
within the scope of the investigations. Nevertheless, it is possible to build on general
findings on sintering and shrinkage behavior as well as on minimizing warpage. These
include, for example, the reduction of friction between the component and the setter plate
or the avoidance of sudden changes in the cross-section of the component.

3.2 Approach to Compendium Development

Due to the differences in the manufacturing processes described above, a new approach
is needed to account for process-related specifics and to identify process-related design
guidelines. Therefore, it is essential to first identify the influences of the MBJ process on
component design. In particular, the anisotropic and nonlinear behavior during the sinter-
ing process must be emphasized. In addition, the respective restrictions of the individual
process steps (printing, debinding, and sintering) must be taken into account.

Figure 2 shows a first compilation of the influences of the individual process steps on
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Fig.2 Overview of influences on component design in the metal binder jetting process chain
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the dimensional accuracy of the manufactured components. For the sake of clarity, the
influences are listed only once in each case, even if they occur in several process steps.

It can be observed that each process step adds further restrictions and conditions affect-
ing component design—starting with the size of the component, the maximum of which
is determined by the build space of the printer, through the accessibility of the powder
for residue-free removal, to the dead weight of the components, which has a direct effect
on the distortion in the sintering process. On closer examination, these influencing factors
can be divided into the four groups shown in Fig. 3.

Based on all these boundary conditions, it is now possible to develop corresponding
geometrical benchmark parts that take into account the physical effects of the individual
process steps of MBJ and represent their influence in a measurable way. The categoriza-
tion in groups makes it possible to examine the individual phenomena building on each
other. Note that each of these groups has specific requirements for the design of the test
specimens.

Influence of Material and Green Part Properties. Since the subsequent part properties
are based on the condition of the material and the properties of the green parts, the mate-
rial and green part characteristics are to be examined at the beginning of the investigations
and then continuously monitored over a certain period of time. Since effects on the final
part density (like the particle size distribution) are mostly known [33, 34], the intention
is to monitor deviations in green part characteristics and determine their influence on the
component properties. In addition to the particle size distribution of the material as well
as its flowability, the dimensional accuracy of the green parts and their density will be of
interest.

Influence of Friction between Part and Setter Plate. During the sintering process,
shrinkage of the components takes place, which causes a relative movement between
the component and the setter plate, which in turn is subject to frictional resistance. This
has a direct effect on the dimensional accuracy of the sintered component. With larger
friction, larger deformation is to be expected. Therefore, investigations are necessary to
adequately determine the tribological influence of the setter plate on component defor-
mation. Since setter plates can be used multiple times, it is recommended to account for
aging phenomena by using differently designed and prepared plates.



Toward a Design Compendium for Metal Binder Jetting 45

Influence of Scaling and Shrinkage. Beyond material properties and friction,
gravitation-induced shrinkage has a significant influence on the final part dimensions.
It should be noted that shrinkage occurs unevenly in the three spatial directions and
is greatest in the vertical direction. To determine the influences in a sufficient way,
existing part artefacts need to be identified, abstracted, and transferred into test geome-
tries. Subsequently, manufacturing needs to be carried out in different sizes, orientations,
and combinations. Furthermore, to ensure reproducibility, the test geometries should be
manufactured and examined several times over a certain period. This will also allow
identification of deviations caused by changes in material and green part properties.

Influences of Warpage and Cracking. Furthermore, it is also necessary to investigate
the distortion caused by gravity and to determine the influences on crack formation. The
aim is to identify the largest possible overhangs at which the resulting bending moment
is negligible and at what point ribs or sinter supports have to be used. In general, it
should be noted that, as the overhang length increases, the bending moment increases and,
accordingly, so does the deformation. As already known from the MIM process, sharp-
edged cross-sectional changes favor the formation of cracks in the components [35]. To
what extent and under what conditions such effects occur in the MBJ process remains to
be investigated.

Derivation of a Design Compendium. Based on the knowledge gained until this point,
a design compendium can be created. According to Mashes [24], the design compendium
will include illustrative guidelines as well as design principles and design rules with
explicit constraints to provide a comprehensive summary of the capabilities and limita-
tions of the MBIJ process in its entirety. In addition to the classical tabular structure, it
is advisable to divide the guidelines into two categories, namely quantitative and quali-
tative. While qualitative guidelines contain basic recommendations for a design suitable
for manufacturing, such as the use of radii or closed footprints, quantitative guidelines
contain numerically detectable restrictions. These include, for example, feasible bore hole
diameters or wall thicknesses.

4 Conclusion and Outlook

Additive manufacturing is still in a constant state of change, and new manufacturing pro-
cesses and methods are being developed. One of these is the metal binder jetting process,
which has the potential to significantly reduce the cost of producing additively manufac-
tured components. To increase the industry acceptance of this relatively new technology,
process-specific guidelines for the design of MBJ parts are needed.

In this paper, it was discussed that, despite the variety of design guidelines from other
additive manufacturing processes, they cannot be directly transferred to the MBJ process.
Among other things, this can be attributed to the different process steps and physical
phenomena within the process chain. Here, only the MIM and PIM processes provide
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further assistance in identifying the design limits. Due to the related process steps, such
as sintering, the rules for sinter-compatible design apply only in part to the MBJ process.

Furthermore, the boundary conditions and influencing variables of the MBJ process
chain were identified and compiled. Based on these, a procedure was derived that makes
it possible to determine limitations with regard to a manufacturable part design. By suc-
cessively investigating the categories of the individual influencing variables “material and
green part properties,” “friction between part and setter plate,” “scaling and shrinkage,”
as well as “warpage and cracking,” it is possible to derive comprehensive guidelines for
MBJ component design.

However, the identification of such design guidelines is only the first of several steps to
enable the widespread industrial application of this AM technology. Following on from the
creation of the design compendium, the aim has to be to make the process as simple and
straightforward as possible to access. Consequently, in a next step, the developed design
compendium can be implemented in CAD environments to further support the design
process. This can be realized, for example, by a toolbox that checks existing components
for violations of the design rules. Similarly, the rules can be integrated as constraints
for a topology optimization to achieve a directly printable result [36]. However, these
approaches assume that the designer is aware of the limitations and possibilities of the
MBI process.
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Abstract

Laser wire Direct Energy Deposition (L-DED) is a manufacturing process capable of
producing additively generated structures as well as repairing and coating of surfaces.
The use of a coaxial system technology enables a direction-independent application
of the weld deposit. For coaxial Laser Double-wire DED (LD-DED), a processing
head with a centric wire feed for two wires has been developed. Using three single
beams with a maximum output power of 220 W each and a wavelength of 970 nm, a
combined focus point of 1.6 mm in diameter is realised. The single beams are guided
using an optical fibre for each laser beam source. The advantages of the system are
the small footprint, the individual control of the single laser beams and the ease of
conversion to other applications. This paper describes the development of the coax-
ial laser-processing head for the Additive Manufacturing that is capable to produce
functionally graded structures.
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1 Introduction

Modern applications in engineering demand material properties that exceed the limitations
of commonly used materials. These properties tend to be contradictory thus requiring the
usage of at least two different materials in order to fulfill the requested behaviour. How-
ever, fusing two different materials with different properties concerning the mechanical
and thermal behaviour are critical regarding thermal or mechanical stress in the fusion
zone. Cracks occurring in the fusion zone limit the lifetime of built parts.

It is therefore desirable, to tailor the material properties according to the load condi-
tions in the parts and create a smooth transition between the applied materials to avoid
stress maxima. Functional Graded Materials (FGMs) are a promising approach to reduce
the occurring stress, as they aim to control the composition across the part cross-section.
Additive Manufacturing (AM) offers the possibility to adjust material properties in a vol-
umetric and compositional manner. With its opportunity to build graded parts by applying
layers of different material composition, the Laser Direct Energy Deposition (L-DED) is
suitable to produce FGMs. This paper focuses on the development of system technology
for the production of FGMs with a coaxial laser wire DED process.

2 State of the Art
2.1 Coaxial Laser Wire Direct Energy Deposition

Coaxial laser wire AM is characterized by a centric wire feed which enables direction-
independent processing of various materials available in wire form. Multiple laser beams
or one ring-shaped beam enveloping the wire usually induce the energy required to melt
the wire and base material. While a ring-shaped beam is formed by a laser source and
corresponding optics, two possible solutions exist for generating multiple beams. The
first can be realized by a beam splitter which splits a focused beam into several individual
beams that are directed into the process zone via deflective mirrors. Typically, diode lasers
with wavelength ranges between 800 and 1100 nm and maximum laser output powers of
up to 8 kW are used [1, 2]. The second method is characterized by the use of one laser
source for each single beam. This condition implies that each single beam has to be
collimated and focused with an own optical unit [3, 4] (cf. Fig. 1).

Depending on the system, the single beam is transmitted to the optics either directly
from the laser diode or through an optical fibre that is connected to the optical unit by
a fibre connector. Commonly used laser diode stacks reach a maximum output power of
220 W with a wavelength of 900-1,000 nm. A significant advantage of the multiple beam
source technology is the possibility to individually control the laser power of each beam.
This allows a more precise process control and introduces another tool for process design.
Additionally, by using laser beam sources of different wavelengths, a further process
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Fig.1 Schematic comparison between the multiple diode principle (left) and the split beam princi-
ple (right)

parameter can be introduced thus aiming to improve the laser beam absorption of the
processed material. The laser wire AM is a relatively clean process due to its high material
utilization and the following absence of respirable particles. In comparison with other
AM methods, the surface roughness is significantly lower [5]. A further advantage is the
possibility of conductive or resistive preheating of the wire material which enables an
increased deposition rate with a reduced necessary laser power. Wire based materials are
cost efficient for AM but limited in the range of available materials.

Laser wire cladding is used for coating of surfaces, rapid repairing and in generative
production of structures. The application of wear protection layers and the injection of
alloying elements into surfaces are concrete applications. Furthermore, the process can be
used to repair damaged components. Due to the high material utilization rate, the process
is well suited for processing expensive materials [6].

2.2 Functional Graded Materials by Direct Energy Deposition

FGMs were first proposed in 1972 for the use in composite materials to mimic the struc-
ture and composition of natural materials such as bones or bamboo fibres [7]. Interest
in FGMs raised, as they promise to improve mechanical, thermal and electrical proper-
ties that cannot be represented by conventional materials and joining compounds [8]. The
interest in FGMs is increasing across the die casting industry [8], the aerospace industry
[9], the nuclear power industry [10] as well as the biomedical industry [11] as just a few
examples to be mentioned. The research in FGMs reflect the general interest in extending
material properties by means of graded structures or transition zones. In general, function-
ally graded components can be divided into two categories [12, 13]. The first category
includes materials that are created by a local change in the process parameters. Thus,
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Fig.2 Schematic drawing of a common multi material with a sharp Fusion Zone (FZ) between the
Base Materials (BM) (left). Functional Graded Material with a defined Functionally Graded Zone
(FGZ) (right)

differences in volume and density can be introduced in a targeted manner (cf. Fig. 2).
Alternatively, a local change in the microstructure can be generated. The second cate-
gory is characterized by a discrete or continuous transition of one material into a second
material, also referred to as grading partners in the following [14, 15].

While Additive Manufacturing processes based on the Laser Powder Bed Fusion
(LPBF) principle are particularly suitable for the volumetric adjustment of a component,
various processes exist for the production of graded material transitions. These range from
the production of thin layers by chemical vapor deposition [16] to the build-up of struc-
tures by double-wire electron beam build-up welding [17]. By simultaneously introducing
two powder materials and changing the powder mixing ratio across the seam geometry,
a graded transition from one grading partner to the other can be created using the DED
method [8]. With a mixture of powder and wire feedstock, a graded transition is realized
along a seam geometry or a components cross-section [18]. With a lateral L-DED double
wire process, functionally graded parts were produced [19]. However, a coaxial double
wire build up with two wire based materials is not realized yet.

23 Analysis of the Coaxial Processing Head LZH Coax-Head MKII

Representative for a coaxial laser wire processing head using the split beam principle, the
LZH Coax-Head MKII from the Laser Zentrum Hannover e.V. is evaluated (cf. Fig. 3).
The system uses a water-cooled, highly reflective pyramid to split a focused single beam
into four single beams that are reflected by a mirror and guided into the processing zone
under a beam incidence angle of approx. 14° to the middle axis. To prevent the mirrors
and optical elements from damage by welding spatters, a crossjet is induced providing
a pressurized air flow to protect the protective glass. Due to the beam splitter, the wire
cannot be provided centrically in a straight manner but must be guided around the pyramid
with bending radii of approx. 150 mm. While being suitable to change the wire without
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Fig.3 Front view on the LZH
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detaching the entire feeding nozzle, the wrap around the beam splitter represents an extent
of the free wire length between the wire feeding unit and the welding nozzle. Furthermore,
it requires a cost-effective design to avoid an interference between the provided wire and
the laser beams inside the processing head.

Process developments with the LZH Coax-Head MKII showed, that it can be beneficial
to defocus the laser beam to a certain extent thus lowering the induced intensity while
enlarging the laser spot diameter. However, a defocusing can only be achieved by moving
the entire processing head in the vertical direction of the gantry. Following that, the stick-
out of the laser wire decreases or increases depending on the adjustment in negative or
positive vertical direction, making it a considerable factor in process development as the
wire feeding behaviour changes with the stick-out length [20]. With a geometrical dimen-
sion of 210 mm in diameter and a height of approximately 235 mm, the accumulated
mass of the LZH Coax-Head MKII is approx. 5 kg making it a relatively light-weight
processing head on the market with a considerable small footprint. Due to its design, the
LZH Coax-Head MKII is suitable to use a variety of laser beam sources [2].

24 Analysis of a Multiple Diode Processing Head Prototype

A prototype processing head (cf. Fig. 4) has been developed at the Laser Zentrum Han-
nover e.V. in order to investigate the system behaviour of a coaxial laser wire processing
head that uses a single laser source for each laser beam. Optic tubes, as a simple yet
promising and cost-efficient method to guide and shape the single beams, are used to
focus the individual laser beams. The lenses are kept in place using retaining rings in a
defined position. A SubMiniature version A (SMA) connector is used to provide a defined
and precise coupling of the optical fibre with the optic tubes. The optical tubes are held
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in place by elastically deforming the base plate of the prototype processing head with a
locking screw. The imposed radial load prevents the tubes from sliding out of their des-
ignated position. With a beam incidence angle of 30° combined with a focusing length
of 250 mm, a common spot diameter of 2.3 mm is formed. To provide a proper wire
guidance, a welding nozzle with a shielding gas connector is used that is clamped to the
system by means of a radial load induced by a split ring. In preceding tests with the
MKC-II, laser output powers of 500 W were determined to be suitable to deposit 1.4718
stainless steel onto 1.0577 mild steel. Therefore, three laser diodes with a maximum sin-
gle output power of 220 W were used to provide the necessary energy for processing the
wire feedstock. Crossjets are provided to prevent damage to the focusing lens.

In order to assure that the system grants direction-independent weld deposition, circular
welding seams of 1.4718 steel using a diameter of 0.8 mm were deposited on a base
material of 1.0577 steel that revealed promising results in the macroscopic analysis (cf.
Fig. 5). The microscopic analysis of straight single seams showed good results considering
the dilution and interconnection of the welding seam to the substrate. The welding seams
were found to be non-symmetric due to an off-axis placement of the wire mainly caused
by the clamping mechanism of the welding nozzle holder.

Furthermore, the fixation mechanism of the optics turned out to cause a tilting of either
the focusing or the collimating lens in case the applied load to keep the tubes in place
was too high thus causing an elastic deformation of the tube. A tilted lens was found to
cause a significant change in the process behaviour by displacing the single laser spot
and reducing the supplied power to the melt pool. While welding with a wire diameter
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Fig.5 Circular single seam (left) and circular multi layer weld (right) of 1.4718 stainless steel
deposited on 1.0577 steel

of 0.8 mm showed good results, trials with 0.6 mm and 1.0 mm wire diameter failed to
generate reproducible results, failing in most cases due to either burn up of the wire or a
lack of interconnection from the seam to the substrate.

Due to the burn up mainly occurring while using the 0.6 mm wire, the laser beam
is expected to transfer too much heat into the welding wire before interacting with the
substrate. The wire melts above its designated process zone and the molten material fails
to connect with the substrate. In the case of the missing interconnection of the welding
seam with the substrate while using the 1.0 mm wire, the relatively big spot diameter
only grants a limited spot intensity thus being not sufficient to connect the molten wire
material with the substrate.

In general, the precise alignment of the optical elements as well as the centric wire
feeding nozzle can be determined to be key factors producing quality welding seams.
The radial fixation of the optical unit was found to be problematic due to deformation
behaviour followed by an implied load. Furthermore, using retaining rings for the posi-
tioning of the lenses is imprecise, as the position cannot be adjusted properly. Considering
the burn up and the missing interconnection, a reduction of the laser beam diameter is
preferable in order to reduce the energy that interferes with the wire above the designated
welding zone and increases the intensity in the melt pool.
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3 Development of a Coaxial Multiple Diode Double Wire Laser
Processing Head

3.1 Derivation of Requirements

The analysis of common coaxial processing heads, mostly based on the split beam princi-
ple, has shown potential considering the wire feeding and guidance towards the processing
zone as well as the geometrical dimensions of the processing head. The material supply
towards the welding nozzle was determined as a key factor in laser wire AM. Small bend-
ing radii within the system that are mostly induced by the wire guidance around beam
splitting elements represent a disruptive factor. In worst cases, the wire gets stuck caus-
ing a jam in the wire feeding section thus requiring maintenance of the processing head.
Regarding the geometric dimensions of the processing head, small footprints are desired
to reduce the applied mass to a gantry. Smaller footprints also allow the implementation
in limited space. During trials it has been observed that defocusing the laser beam in order
to increase the laser spot diameter can help to improve the process quality. With a fixed
welding nozzle, defocusing of the laser beam is always accompanied by an adjustment
of the stick-out between the work piece and the welding nozzle. The increase of the free
wire length is limited and can lead to process interruptions if the maximum free wire
length is exceeded and is therefore to be regarded as a critical influencing factor [20]. If
the stick-out is reduced, a wire burn-up might potentially damage the welding nozzle and
cause increased wear of the process technology.

Based on the points identified, a list of requirements that records the individual specifi-
cations was generated. Table 1 lists the main requirements of the system technology to be
implemented. The most important elements are the avoidance of bending radii between the
wire feeder and the welding nozzle as well as the possibility of defocusing the laser beam
without changing the stick-out. Based on the principle, multiple diode laser wire AM is
well suited for avoiding bending radii because the wire feeding unit can be placed exactly
centrically above the welding nozzle. Although solutions with a centric wire feed using
the split beam principle exist, these systems come up with a big footprint due to a high
amount of beam shaping and guiding components necessary in order to guide the laser
beam around the wire feedstock. The possibility of defocusing is to be made possible by
means of an adjustment unit that allows the wire nozzle to be displaced by up to 5 mm. In
order to avoid a burn up of the wire feedstock due to interaction between the laser beam
and the wire above the designated process zone, a restriction to the height adjustment is
necessary. The adjustment is only possible above the common laser focusing length. To
ensure an easy connection of the laser fibre to the optics, a fibre SMA-connector shall be
used.
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Table 1 Extract from the
specification list: changes are
made based on the analysis of
other coaxial processing heads

Requirements

Specification

Maximum laser output power

> 600 W

Avoiding bending radii

Passive cooling of the nozzle
holder

Active cooling of the optics

Implementation of a crossjet

Free wire length

< 200 mm

Reduction of interfering
geometry

< @ 200 mm and < 200 mm
height

Reduction of the focusing <200 mm
length
Reduction of the laser spot <2 mm

diameter

Coupling from fibre to optics

SMA -connector

Quantity of laser beams >3
Reduction of processing head | < 5 kg
mass

Beam incidence angle < 30°
Nozzle height +5 mm

adjustment above laser focus

3.2 Prototypical Realisation of the Multiple Diode Coaxial Laser

(DiCoLas) Processing Head

The multiple diode head can be divided into the two main assemblies “main body” and
“nozzle holder” (cf. Fig. 6). The main body serves as a receptacle for the optical compo-
nents and contains the cooling circuit of the processing head. In addition, the main body
contains a central inlet for the wire guide enabling the wires to be fed directly into the
double wire feeding nozzle. The nozzle holder contains the adjustment unit for changing
the feeding nozzle position in relation to the focus point of the laser, the crossjets for the
protection of the optics as well as the shielding gas supply towards the process zone.
The main body is capable of adapting up to six laser beam sources via SMA-connectors
and is designed to apply the same laser source used for the prototype processing head.
Following that, fibre coupled laser diodes with a maximum output power of 220 W each
and a wavelength of 970 nm are used.

To assure a high precision between the nozzle holder and the main body, close toler-
ances are necessary in order to guarantee a proper alignment of the nozzle middle axis
and the common middle axis of the single laser beams. While the optical elements have a
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Fig.6 View on the multiple SMA-connector Cooling water inlet
diode processing head with the
main body and the nozzle

holder detached from another

Main body —

Shielding gas inlet Optics housing

Crossjet

Knurled nut for height
adjustment

Height adjustment
locking screw

Nozzle holder

Union nut with
shielding gas outlet

-— Double wire feeding nozzle

high optical efficiency of above 99%, the nozzle itself is exposed to higher temperatures
due to conducted heat from the welding material and reflected laser power. Therefore, a
passive cooling is realized using the aluminium alloy EN AW6082 as the base material
for each the main body and the nozzle holder in order to conduct heat from the nozzle
towards the cooling circuit located in the main body. The material has a good thermal
conductivity and an excellent machinability making it suitable to produce highly accurate
fittings, especially to assure a proper alignment of the optical unit with the designated
beam path of the system.

Figure 7 shows the exploded view of the optical unit that is split into two separate lens
holders, one for the focusing lens and one for the adaption of the SMA connector with
an integrated fitting for the collimating lens. The decoupling of the optical unit from the
main body improves the possibility to maintain and clean the lenses and ensures a more

§

Focusing lens Collimation lens

!

SMA-connector

— - -

Focusing lens Collimation lens mount

Retaining ring
mount

Fig.7 Exploded view of the optic unit containing the focusing and collimating lens coupled with a
SMA-connector
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precise beam path by preventing a re-clamping of the main body during manufacturing.
For the multiple diode processing head no shielding glasses are used. To maintain the
correct position of the focusing and collimating lens, retaining rings are used to apply a
static pressure in order to keep the lenses in place.

Figure 8 shows the cross-section of the height adjustment. A knurled nut (1) with an
internal thread of low pitch ensures a precise adjustment of the wire guide. In order to
maintain the set position, a radial load can be applied using two threaded pins (2), pre-
venting the wire guide from shifting from its designated position. To ensure that the wire
does not bend during feeding from the wire feeder to the double-wire nozzle, steel wire
cores that are fixed in the wire guide by means of a threaded pin (3) are used. The pin pre-
vents the wire core from being pushed out of its connector (4) in case a wire jam causes
increased forces against the wire feeding direction. The entire wire guiding unit (5) can
be replaced by another feeding solution, making the system suitable to adapt single wire
feeding units or even powder feeding nozzles.

To prevent the wires from jamming inside the double wire nozzle (6), the nozzle holes
have to be arranged exactly coaxially with the steel core connector. Since a screw connec-
tion cannot guarantee the alignment of the nozzle holes, a union nut (7) is used to apply
an axial load to the wire guiding unit. A dowel pin (8) serves to position the double wire
nozzle and prevents rotation during welding. In addition, the shielding gas is guided into
the process zone through the union nut. The gas is first fed from the wire guide unit into
the nut (9), where it is directed downwards through eight symmetrically distributed holes.
Due to the double wire technology, the stick-out of the wires cannot be changed. It was
set to 7 mm based on good cladding results with the coaxial processing head MKII. With

MNozzle
holder
Knurled nut for

height adjustment (1)

Threaded pins for
fixation of the steel
core (3)

Threaded pin
for fixation of
the height
adjustment (2)
Connector for Wire guiding unit (5)

Shielding gas
steel core (4)

—— Union nut with shielding outlet (9)

gas outlet (7)

Double wire feeding Dowel pin (8)

nozzle (6)

Fig.8 Cross-section of the nozzle holder (left) showing the wire guiding towards the nozzle; Trans-
verse section of the nozzle holder with regards to the fixation of the height adjustment and the
shielding gas outlets (right)
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a fibre core diameter of 400 pwm, a collimating length of 25 mm and a focusing length of
100 mm, a spot diameter of approx. 1.6 mm is realized under a beam incidence angle of
25° to the processing heads’ middle axis.

4 Conclusion

Based on the analysis of common coaxial laser systems and a single wire prototype for
laser wire AM, a new processing head has been developed which is designated to process
two wire based materials simultaneously with a coaxial welding nozzle in order to gener-
ate FGMs. The designed system is capable of processing wire feedstock with a diameter
ranging from 0.6 to 0.8 mm. Preventing the optical elements from welding spatters as
well as other particles was determined to be a major factor regarding a proper beam qual-
ity and expanding the lifetime of the optics. Therefore, a crossjet was implemented that
induces a pressurized air stream of flat shape to blow welding spatters off the optical axis,
preventing them from hitting the focusing lens. A first prototype system using optic tubes
to fit the focusing and collimating lens showed good results in producing uniform circu-
lar welding seams. However, the radial clamping of the optic tubes could easily cause a
tilting of either the focusing or collimating lens. Thus, an axial clamping of the lenses
was preferred.

In direct comparison with the LZH Coax-Head MKII, a significant reduction of each
weight and geometric dimensions can be achieved (cf. Fig. 9). Based on the different
design approach using single beams emitted by individual laser diodes, a height reduction
of 115 mm and a weight reduction of 3.5 kg from 5 to 1.5 kg can be achieved thus reduc-
ing the applied mass to a gantry system or a robotic arm significantly. Due to a centric
bore, the wire does not need to be guided around a beam splitter and enables an easier and
more fail resistant guidance to the double wire-feeding nozzle while maintaining a small
footprint. The processing head was designed to apply up to six single diode stacks of

Fig.9 Comparison of the
geometrical dimension
between the Coax-MKII (left)
and the Multiple Diode
Coaxial Laser (right)

250 mm
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220 W connected via fibres, enabling a maximum output power of approx. 1.3 kW which
is significantly less than the maximum output power of the LZH Coax-Head MKII. This
instance limits the applicable feeding velocity of the substrate and the wire, resulting in
a lower build up ratio of the system.

The DiCoLas processing head will be tested after its production concerning its ability
to produce FGMs from two different wire feedstock. The individual controllability of
each single beam enables new strategies for process developments such as a rotating peak
power between the single focus spots or an adaptive power input for each single beam
based on thermal measurements. For future applications, the usage of laser diodes with
different wavelengths in order to increase the material absorption ratio is a further factor
worth to investigate. Furthermore, the usage of the processing head for single wire AM
or the application with a powder nozzle is possible.

Acknowledgements Funded by the Ministry for Science and Culture of Lower Saxony (MWK) —
School for Additive Manufacturing SAM.
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Joining Technology of Additively
Manufactured Components: Design Measures
for Optimizing the Strength of Adhesively
Bonded Joints
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Abstract

The size of components manufactured by laser powder bed fusion is limited by the
available powder bed volume. To create larger structures, additively manufactured com-
ponents can be combined with intermediate products to increase cost efficiency and
amend the requirements. Joints of fiber-reinforced plastic profiles adhesively bonded
with laser powder bed fusion manufactured aluminum couplers were investigated as
examples. The geometric freedom of design in AM-processes enables optimization of
the joint properties:

e Optimization of the adhesive application.
e Optimization of the adhesive distribution.
e Uniform stress distribution within the adhesive fill space.

To reveal the adhesive distribution during injection, tests with transparent acrylic
models where carried out. The AM components’ topology was optimized using finite
element analysis to homogenize the stress distribution within the adhesive. The static
strength and fatigue properties were validated experimentally. Results on adhesive
distribution and fatigue behavior will be presented.
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1 Introduction

Additive manufacturing (AM) processes are limiting achievable component dimensions
due to confined building spaces of the manufacturing machines. To create larger AM
structures, the production facilities or even the underlying processes have to be adapted.
Both measures lead to increased procurement or manufacturing costs. In many cases the
benefits of AM processes are only needed at certain areas or non AM materials can
contribute to the desired structures properties.

To ensure high fatigue strength and lightweight design, a comprehensive consideration
of the resulting connection task is required. A joint is defined by the involved materials,
the predominant physical effect that triggers the connection and the shape of its contact
and auxiliary surfaces [1]. Those parameters can be optimized by taking advantage of
the geometric freedom of design and the variety of materials that are underlying AM
processes.

An application related example for highly demanded joints is the framework of the
so-called “Hill Cruiser” (Fig. 1). The three-wheeled, drive-less, single-person vehicle was
developed by the Professorship for Design and Lightweight Construction at Universitit
der Bundeswehr Miinchen.

The basic concept envisages a use in hiking sports. The dismountable vehicle can
be carried during the ascent and enable the hiker to descend in an ergonomically
advantageous way.

Primary design prerequisite is a minimum total mass. Therefore, the vehicle frame
is made of carbon fiber- reinforced plastic (CFRP) and maximum functional integration
is strived for. Instead of building the entire framework from CFRP, cost efficiency can
be improved by connecting simple CFRP tubes with AM couplers to form a load-bearing
hybrid framework. This enables functional integration in the AM couplers (e.g. disc brake

Fig.1 Functional prototype of
the Hill Cruiser
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Fig.2 Principal framework AM components
design and its resulting CFRP tubes
junctions

mount; wheel mount, seat post), as well as the individualization of the frame dimensions
according to the anthropometric data of the customer (Fig. 2).

A large joint surface, a low notch effect and a comparatively high static and dynamic
load capacity make adhesive bonding an optimal joining method for this application. In
addition, it is conceivable that the AM couplers geometry can be adapted to the specific
load case, and therefore be optimized to achieve a homogenous stress state in the adhesive.

The scientific issue addressed in this paper is the development of design solutions for a
resilient and reproducible adhesive single lap joint (SLJ) between laser powder bed fusion
(LPBF) manufactured couplers made of aluminum alloy AlSil0Mg and CFRP profiles,
taking advantage of the design freedom that comes with the AM process. Tensile stress is
considered as a basic load case. The adhesive used is a viscoplastic 2-component construc-
tion adhesive based on epoxy resin in which modified polyamine is used as a hardener
[2]. After development of a method for optimal adhesive distribution by injection [3], the
joint strength will be determined experimentally. The results are used to validate a finite
element (FE) model, which is utilized for topology optimization of the AM component
to minimize tensile stress in the adhesive.

2 State of the Art
2.1 Industrial Practice: Bonded Frame Structures

Bicycle frames are a typical application of bonded frame constructions. Fiber-reinforced
plastic frames adhesively bonded using epoxy resin have been in use since the begin-
ning of the 1980s. The connecting couplers were forged or die-cast from aluminum and
the joining surfaces were conical, resulting in a very small adhesive gap [4]. Other vari-
ations include bonded steel joints with combined force fit, double lap shear joints or
special press-fit sockets. [5]. Problems with the fatigue strength and high assembly effort
prevented a wider acceptance on the market.
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In 2015, the possibility of individual frame dimensions was tapped through AM pro-
cesses [6]. Oval and round FRP profiles with different layer structures were joined using
couplers based on titanium alloy. An adhesive was applied to the joining surfaces of the
coupler before the joint components were connected. The frame tubes were aligned with
a special assembly jig [7]. The couplers were manufactured by powder bed based melting
[8] with the required thermal energy coming from a laser.

2.2 Structural Bonding of AM Components

For adhesive bonding of tubular cross-sections (circular joint geometries), overlapped
bonding is preferable to butt bonding due to the choice of joint overlap, which enables
optimal utilization of the adherends material strength. When the joint is subjected to
shear or torsion, the adherend and adhesive layer deformation leads to an uneven stress
distribution with pronounced stress peaks at the overlap ends. The distributions can be
determined analytically (e.g. Frostig et al. [9]) or numerically using the boundary element
code (BEASY) [10] (Fig. 3).

As a result, the bond strength depends on the deformation behavior of the joined parts
and the adhesive layer, as well as the geometry of the bonding surface [11].

Regarding the use of AM processes to increase the strength of adhesive joints, the
German Association for Welding and Allied Processes (Deutscher Verband fiir Schweiflen
und verwandte Verfahren e. V., DVS) recently published design recommendations for
adhesive bonding of AM components, issuing design rules for components, joining zones,
pre- and post-treatment measures, as well as the adhesive application [12]. Measures to
reduce the stress peaks at the overlap ends include stiffening the joint components in the

Shear Stress (MPa)
Peel Stress (MPa)

-20 x/L,

x/L,

=—=FROSTIG ==—=BEASY =—=FROSTIG =——=REASY

(a) (b)

Fig.3 Adhesive shear (a) and peel stress (b) distributions for the single lap joint [10]
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area of the joining zone, lashing on one or both sides and enlarging the joining surface in
combination with a mellow adhesive. The introduction of lattice structures in the bonding
surfaces of SLJ’s between polymers leads to anchoring points for the cured adhesive. By
varying the cell geometry and wall thickness, the joint is adapted to the load type. For
the adhesive application, reference is made to the use of internal channels, which help to
completely fill the lattice structures with adhesive.

Studies on the effects of three-dimensional lattice structures and a variation of the fill-
ing degree on the tensile shear strength were carried out by Watschke [13]. Anchoring
structures were printed into polypropylene test specimens and tensile shear tests were
carried out in accordance with [14]. To prevent the typical bending up effect, the joint
components were reinforced with aluminum sheets. A 2-component polyurethane adhe-
sive was used. The tensile shear strengths determined for both measures were comparable
to that of samples with a plasma pre-treated bonding surface [15].

The general bonding suitability of LPBF components made of AlSilOMg using a
single-component adhesive has already been demonstrated, with a bonding strength com-
parable to that of die-cast components, regardless of the bonding surfaces pre-treatment
method [16].

3 Methodical Approach

To prevent defects in the adhesive layer that can be traced back to the way of application,
parameters of the injection method must be considered. Explicitly, this means optical
assessment of the adhesive distribution while varying the amount and position of injection
bores as well as the inner channels geometry.

To determine joint strength and failure mode, static tensile and fatigue tests with joints
made of the actual material pair (Al1Si10Mg and CFRP) are to be executed. The results
serve as confirmation of successful adhesive distribution (in case of non-adhesive failure)
and simultaneously validate a FE model representing the structural- mechanical effects
within the adhesive layer.

Based on this model, computer-aided topology optimization of the AM adherend is
applied to minimize the first principle stress within the adhesive in order to increase the
bonding strength [17].
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4 Optimization of the Adhesive Application
4.1 Classification

Preliminary tests demonstrated that during conventional pre-application on the joint sur-
faces, the adhesive is partially pushed out during the unification of the joint components,
which results in adhesive failure, and therefore, low bonding strength.

In the present investigations, the adhesive application was implemented by injection
with a manually operated two-chamber cartridge squeezing device. The required quan-
tity of the 2-component adhesive is dispensed in a pressure/time-controlled manner and
mixed via a mixing nozzle. The joint components are placed in the desired position, sep-
arated by a fill gap, before the adhesive is injected sequentially into injection hole(s)
within the AM component. The adhesive should completely fill the cavity between the
adherends. According to the manufacturer’s specifications [2] and in consistency with
[11], the adhesive gap was set to 0.1 mm.

The aforementioned procedure can be applied to adhesive application from outside
(external feed) as well as from inside (internal feed) (Fig. 4). An example of external feed
is an AM coupler for the connection of several CFRP tubes. An example of internal feed
are AM stiffening elements inside of CFRP tubes to increase the strength at bearing or
load application points. As the basic mechanisms of internal and external feed correspond
in terms of bonding strength and FE model characteristics, only external feed will be
considered in the following.

The adherends were substituted with transparent acrylic components for visualization
of the flow processes via videography while injecting. Compared to the typical, non-
destructive and momentary testing methods of bonds such as active thermography [18],
the use of laser shocks [19], ultrasonic based tests [20], shearography [21] or computer
tomography [22] this approach enables the detection of defects and allows conclusions to
be drawn about the injection process itself at little expense.

Fig. 4 Schematic adhesive External feed Internal feed

injection with external feed
(left) and internal feed (right)

CFRP tubes

AM component
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4.2 External Feed

Reference joints without adhesive distribution geometries were used to define the opti-
mization potential of the joint. In case of Sample #3 the adhesive was injected into one
single injection bore until the adhesive leaked from the overlap end. In case of Sample
#4 the adhesive was injected consecutively into two opposite injection holes in the same
manner. Placing the samples in front of a 90°-angle-mirror allows the distribution pattern
to be displayed over the circumference (Fig. 5).

Sample #3 shows that the adhesive cannot be fully distributed using a single injec-
tion bore without additional measures. Sample #4 suggests that this problem is partially
caused by a displacement of the inner joint component during injection, which reduces
the intended gap width on the opposite side. Since the volume flow rate of the effective
annular gap flow is reduced by the gap space to the third power [23], the adhesive cannot
be distributed evenly. Regardless of the misalignment, further conclusion can be drawn
looking at the symmetry line of both specimens. Due to the requisite ratio of diameter
to overlap length, it is not possible to feed half of the circumference using one injec-
tion bore along the overlap as the adhesive leakage occurs prior, indicating that centering
measures are necessary to ensure an even adhesive gap, and that inner channels should
be implemented to direct the adhesive along the circumference.

The adhesive gap is adjusted by centering surfaces that form an interference fit between
the joint components. One solution for the adhesive distribution over the circumference is
the implementation of a U-groove of 360° in a plane orthogonal to the longitudinal axis
of the tube (Fig. 6).

By varying the parameters groove depth t, groove width b, and groove radius r, the
full circumferential distribution was accomplished using two injection holes for overlap
lengths <15 mm.

For longitudinal distribution with larger overlap lengths, various strategies proved to
be effective (Fig. 7).

Fig.5 Reference joints placed in front of a 90°-angle-mirror using one (#3, left) and two (#4, right)
injection holes
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groove radius r

groove width b

groove depth t Circumferencial distribution

Fig.6 Adhesive distribution over the circumference using a 360° U-groove

R |
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360° U-grooves Helical U-grooves

Fig.7 Assortment of adhesive distribution geometries assessed in this work

For 15 mm < overlap length <30 mm, two additional injection holes can be put into
the existing 360° groove (Fig. 7a). Furthermore, it is feasible to duplicate the aforemen-
tioned U-grooves of 360° over multiple planes along the longitudinal axis, each with two
injection holes (Fig. 7b.). To avoid leakage of the adhesive from injection holes of adja-
cent planes, it is recommended to offset the two injection holes by 90° with respect to
the neighboring planes. A realization of the longitudinal distribution by helical recesses is
also possible (Figs. 7c/d and 8). The number of parallel helical grooves and the number of
turns are useful variation parameters. Helical recesses are most suited if there are restric-
tions regarding the positioning of the injection bores along the overlap. However, they
have a disadvantage of reducing the load bearing adhesive area more than circumferential
recesses, and therefore, locally weaken the bond.

The centering measures and inner channels lead to an even and complete distribution
of the adhesive. To prevent defects like air inclusions, the respective injection order from
bottom to top (vertically) and clock- or counterclockwise (horizontally) must be met. If
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Fig.8 Adhesive distribution along the overlap using helical U-grooves

there are no restrictions on positioning of the injection bores, the U-grooves of 360° are
preferred.

5 Tests: Static Strength and Fatigue Behavior
5.1 Material Properties

Manufacturing Equipment. The AM joint components were produced in-house by the
Professorship of Production Technology using an “SLM 125” from the manufacturer
SLM Solutions Group AG (Liibeck). To suppress upskin and downskin effects, the test
samples were printed vertically [16]. The manufacturing parameters for structural compo-
nents correspond to a compromise between high strength, surface quality and dimensional
accuracy, and thus reflect industrial practice.

Selected Materials. Due to the already confirmed bonding [16] and lightweight-
construction [24] suitability, aluminum alloy AlSilOMg was chosen for the LPBF
components [25]. A fiber volume ratio of 55% and unidirectional fiber orientation char-
acterize the CFRP tubes wound from resin impregnated layers. For high dimensional
accuracy and constant surface properties, the outer surface of the tube is ground by
the manufacturer CG TEC Carbon und Glasfasertechnik GmbH (Spalt) [26]. The 2-
component adhesive “DP490” from the manufacturer 3 M Deutschland GmbH (Neuss)
is a viscoplastic construction adhesive based on epoxy resin (Table 1).

Test specimens. The 9 test components consisted of a CFRP tube (D = 30 mm; t =
2 mm) which is connected at both ends to AM couplers by single lapped bonds with a
30 mm overlap length resulting in a 2827.43 mm? adhesive area. To obtain the intended
adhesive gap of 0.1 mm across the largest possible area, for adhesive application, 4 injec-
tion holes and a single pitch circular groove (Fig. 7a) were printed into the AM aluminum
couplers, as well as the interference fit (no machining on this surface). The clamping
elements for connection to the test machine are bolted to the AM components (Fig. 9).
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Table 1 Physical properties and strength characteristics of the adhesive “DP490” [2]

Matrix Hardener
Foundation mod. epoxy resin mod. polyamin
Viscosity (mPa s) 520,000 100,000
Density (23 °C) (g/cm3) 1.0 1.0
Mixing ratio 2 1
Hardening (anaerob) 7dat23°C/1dat23°C+1hat80°C/2hat65°C
Operating temperature (°C) —55... +120
Lap shear strength (Mpa) [14] 26

Bolts AM couplers CFRP tubes Adhesive fill gap Interference fit

Adhesive fillet

2x Sticky Markers

Fig.9 Schematic representation and implementation of the test specimen

The manufacturing process was as follows:

e Pre-treatment of the joint components in consideration of [27]
Rinse with isopropanol
Mechanical pre-treatment with 3D sanding fleece
Cleaning in an ultrasonic bath with distilled water
Drying
Fastening the AM components with clamping elements using bolts.
e Bonding process
— Connecting and alignment of the joint components with an interference fit
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— Injection the adhesive into the injection holes provided (note the respective order)
until a uniform adhesive fillet is formed on the upper side.
e Hardening
— 24 h at 23 °C, stored vertically
— then 2 h at 60 °C, stored lying down (post-cross-linking).

Testing machines. Static tensile tests were carried out on a servo-hydraulic testing
machine (Type: Trebel, Carl Schenck AG, Darmstadt). Wedge grips fix the specimens
over a clamping length of 90 mm. An external video extensometer (LIMESS Messtech-
nik & Software GmbH, Krefeld) is used to measure the strain through the change in
length between two special markers, applied at a distance of Ly = 8.0 mm (Fig. 9).

To determine the fatigue strength, oscillation tests were carried out with a high-
frequency pulsator (Type: Amsler 550 HFP, Zwick Roell AG, Ulm).

5.2 Tensile Test

The testing machine was operated such that the force on the joint steadily increases. This
requirement was met with a constant test speed of 1.5 mm/min and the specimens were
destroyed within a time of (65 £ 20) s.

Test results are documented in form of a stress—strain diagram (Fig. 10), from which
the maximum measured stress (fracture stress) og;; = 26.61 MPa is obtained. The
measured strains are used to validate the FE model.

The fracture pattern (Fig. 11) shows that the joint failure is not a case of cohesive
failure within the adhesive, but of adherend failure (delamination) in the CFRP tube.

Two tensile tests were carried out, resulting in identical fracture patterns and similar
fracture strengths (op2 = 29.03 MPa). Compared to the results of the preliminary tests

0p,=29.03 MPa 30 N e
0y1=26.61 MPa —= |_application via injection _

& 10
2
a5
o
=
% 0
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Strain [%]
test speed: v=1.5 mm/s adhesive surface: A=2827.43 mm?

Fig.10 Stress—strain diagram of an exemplary specimen
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Fig.11 Resulting fracture
pattern of the static tensile test

(oBret = 18.27 MPa, conventional pre-application of the adhesive on the joint surfaces)
the fracture stress was increased by approximately 50%.

5.3 Fatigue Test

The fatigue strength of the joint was determined with oscillation tests. Seven test spec-
imens were subjected to a cyclic load with sinusoidal progression at two different load
levels with constant amplitude. To evaluate the mid- and long-term strength properties,
the service life of the components must be in the range of 10°~107 cycles. The stress
amplitudes were determined to be oo = 7.5 MPa and 042 = 5 MPa. A pulsating (R =
0) tensile load in the longitudinal direction of the tube was applied at a test frequency
of 54 Hz. The durability of four tested specimens at the first load level and three tested
specimens at the second load level are shown in Fig. 12.
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| |
| |
| |
| |

5 ] [ 1]

4.5
1E+04 1E+05 1E+06 1E+07
Cycles [1]

nominal shear stress amplitude [MPa]

stress ratio: R=0 (pulsating)  adhesive surface: A=2827.43 mm?

Fig.12 Fatigue strength properties of 7 tested specimens



Joining Technology of Additively Manufactured Components ... 75

The evaluation of the test results according to a logarithmic normal distribution (failure
probability of 50%) leads to a Wohler (S-N) curve slope exponent of ksoq, = 5.77, as
well as a service life of Ny 509, = 312,497 and Nj 509, = 3,238,897.

The fracture patterns show no differences compared to those of the static tensile test.
Both the failure location (CFRP tube) and the failure mechanism (delamination) are the
same.

To improve the strength potential of the joint, the interlaminar stresses between the
unidirectional laminate layers of the CRFP tube must be reduced. It is expected that
topology optimization to reduce the first principal stress within the adhesive layer will
also affect the stress state of the laminate. Lower stresses imply a more uniform loading
of the adhesive along the overlap length, which also implies lower local stress peaks in
the adjacent laminate.

6 FEA-Based Strength Optimization of the Joint
6.1 Model Parameters

The software Hyperworks 2021 from Altair Engineering (Troy, Michigan) was used to
carry out the linear-static strength analyses. Because of the small adhesive thickness
(0.1 mm), a fine mesh density (min. edge length 0.02 mm) is required to resolve the
underlying stress state. Due to the associated computational effort, the modelling of the
described test structure is simplified by exploiting symmetries. The 3D model reflects a
single bond of the test body as a quarter of the entire model.

The load is defined along the symmetry axis of the CFRP tube. The constraints are
modeled in the area of the stress cone, where the bolts attach the coupler to the clamping
elements (Fig. 9).

Due to the numerous iteration loops during the topology optimization, the computa-
tional effort was further lowered with the 3D quarter model assumed to be rotationally
symmetric. This reduced the simulation to two dimensions enabling the use of shell
elements with special boundary conditions. The appropriateness of this simplification
is confirmed by a comparison of the nodal displacements as well as the course of the
equivalent von Mises stress in the 2D and 3D model results (Fig. 13).

The material data used in the model was taken from literature (bulk data). For a more
precise representation, the adhesive properties should take scale effects into account and
should therefore be determined experimentally [28].
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Fig.13 Contour plot of nodal displacements in mm (left) and von Mises stress in MPa (right) in 2D
and 3D model

6.2 Optimization Results

The objective of the topology optimization was to minimize the first principal stress within
the adhesive layer. The optimization variable is the element density (ED) of the AM
component, which is computed directly in Hyperworks and describes the presence of
material at each location by a single value which varies between 1 (present) and 0 (absent).
Since the circular outer contour of the CFRP tube is prescribed, the inner surface of the
AM part was fixed to ED = 1. Figure 14 shows the result of the topology optimization
after 52 iteration loops. For the geometric implementation, areas with low element density
were either thined (0.4 < ED < 1) or removed (ED < 0.4).

The reanalysis of the new design leads to changes in the deformation behavior. The
measures taken reduce the typical bending-up effect at the start of the overlap (Fig. 15).

Figure 16 shows the stress state for each design. The optimized design leads to a
reduction of the maximum first principal stress within the adhesive layer by 36%. In the
non-optimized version, high tensile stresses occur at the beginning of the overlap, while
the end of the overlap is hardly involved in the force transmission. The optimized design
distributes the transmitted force evenly along the overlap length which leads to a higher
shear component (reduced peel stress), especially at the beginning of the overlap. Both
designs show that the distribution geometries are hardly involved in the force transmission,
and thus reduce the usable bonding surface.
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Fig. 14 Result of the topology optimization (ED contour) and design consequences to be derived
from it

The results illustrate the potential to reduce the exposure of the adhesive layer through
reduction of tensile stresses at the beginning of the overlap with a uniform utilization of
the adhesive layer and a shift of the stress state towards shear to reduce peel stresses. This
new geometry will be tested in the near future.

7 Conclusion

The overall objective of this paper was to maximize the strength of adhesively bonded
joints between AM couplers made of AlSil0Mg and CFRP profiles exploiting the design
freedom that is underlying AM processes.

The adhesive application was assessed first. Suitable geometries were developed to
inject the adhesive into the AM adherend and distribute it within the adhesive gap. The
effectiveness was qualitatively confirmed using visualization models. The resulting joint
strength was quantified experimentally by static tensile and fatigue tests. Compared to
preliminary tests, the failure location was shifted from the adhesive (adhesion failure)
to the tube laminate (delamination), indicating that adhesive application by injection and
distribution via inner channels is an improvement.
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AM Component
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."" - T

Fig.15 Deformation behavior (scale exaggerated) before (left) and after (right) introducing the
optimization measures

To homogenize the stress state within the adhesive layer and further increase the bond-
ing strength, FE-based topology optimization of the AM adherend was performed to
reduce the maximum first principal stress within the adhesive and even out the stress
distribution along the overlap length. The numerical results show a reduction of 36%
with the improved design and a shift of the stress state towards shear while reducing peel
stresses.

8 Outlook

For a more accurate representation of the mechanical behavior of the adhesive within
the FE model, the adhesive properties must be determined experimentally. The Young’s
modulus can be evaluated through tensile tests with a cast and punched substrate specimen
[29]. The shear modulus can be measured by a thick adherends shear test [30]. From those
two parameters the Poisson’s ratio can be calculated.

After implementation of measured material parameters in the FE models, the 2D
optimization cycle can be repeated with a corresponding 3D model used for numerical
verification of the optimization measures. The 3D model can then be validated through
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Fig.16 Contour plot of von Mises stress and Mohr’s circles along the overlap length

tensile tests with topology-optimized joints. In addition to the strains, the fracture strength
of the joint (assuming cohesive fracture within the adhesive layer) should be compared
with the calculation results. A strain energy based failure criteria can address the problem
of stress singularities in the FE method [31]. This makes it possible to develop a FE model
with any adhesive surface geometries (e.g. double lap shear joint), to apply complex load
cases to it, and to make realistic service life predictions while reducing test effort.
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Abstract

Evaluation tables, which are often used for identification of potentially profitable addi-
tively manufactured (AM) parts, are widely based on AM-expert knowledge. In many
applications these approaches suffer from deficient data quality in ERP and PLM sys-
tems. Furthermore, they exploit potential AM benefits such as function integration
and resource efficiency through part consolidation only to a small extent. This paper
proposes the use of product architecture (PA) as a baseline for functionality anal-
ysis in products. The introduced scenario based method uses a heuristic approach
to restructure the conventional manufacturing-PA towards an AM-supporting PA by
analysing the functional structure of the product. The current approach aims to prompt
the integration of AM in product development by both expert and non-expert users. The
feasibility of the proposed transformation methodology is demonstrated on a complex
part assembly for high temperature applications.
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1 Introduction

Laser beam powder bed fusion (LPBF) has been established as the leading AM tech-
nology for metal applications [2]. Technology developments and multi-laser systems have
significantly increased part quality, machine reliability and process repeatability for LPBF
processes. Improving production speed and reliability makes the integration of LPBF into
industrial production lines feasible [32]. Thus, further efforts currently investigate the
development and implementation of methods for the identification of AM-suitable part
candidates in product portfolios [4, 7]. The main focus has been on the identification
of part characteristics or indicators for added value through AM [16-18]. Such methods
generally rely mostly on AM-expert knowledge and empiric decision making through
iterative processes [11, 15]. Methods based on product architectures aim to address estab-
lished AM-value adding indicators away from pure AM suitability and thus be applicable
for non-experts. Rather than focusing solely on physical component characteristics, they
also incorporate functional properties of the product and thus aims to further standardize
identification methods for AM parts. In this paper, we propose a scenario based method
to restructure PA for AM by analysing the functional structure to realise AM benefits like
functional integration and part consolidation.

The benefits of LPBF offer significant potential for performance improvement in cool-
ing and aerodynamic functions in high-temperature applications (HTA) products. In terms
of functional requirements, due to demanding performance requirements for functional
components and materials, HTA are one of the most economically relevant industrial
applications for metal LPBF [20]. Thus, a selected assembly from a high-temperature
application will be presented in this paper in its original product architecture (PA). Apply-
ing the proposed method, the PA is converted into an AM-supporting product architecture
and thereby emphasizing the AM benefit of function integration.

The industrial applicability of LPBF has been proven throughout the metal industry,
especially for turbomachinery and inherently, high-temperature applications. Additively
manufactured gas turbine blades have passed full-load engine tests with improved internal
cooling geometry, proving the advantageous potential of AM towards HTA performance
[31]. Besides the potential of AM towards performance enhancement through novel
design, functional improvement and functional integration have been proven in industrial
applications. Euro-K GmbH produces multi-fuel burners for micro-gas turbines, which
are able to simultaneously use gaseous and liquid fuels equally effectively [8]. General
Electric’s (GE) LEAP jet engine carries a novel fuel nozzle designed for AM, in which
a twenty-component assembly was merged into a single one [34]. GE Additive forecasts
that legacy parts produced using additive manufacturing can reduce the cost of production
by 35% when replacing cast CoCr bleed air parts on a GE land/sea turbine. They showed
that the process from identification to prototype required only ten months, a significant
reduction in lead time compared to average 12—18 months lead time for an identical cast
part [10].
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Thus, although the industrial suitability of LPBF has been proven even for demand-
ing fields such as HTA, well thought-out identification strategies are necessary for a
widespread implementation of AM in industrial metal production.

2 State of the Art
2.1 Technical Assessment and AM Value-Added

The two aspects of part identification for LPBF-suitable parts emphasize either the poten-
tial for applications or the restrictions of the process. These are defined as opportunistic
and restrictive criteria respectively, and range from material availability and original part
complexity to end-of-life product benefits [1, 4, 16, 24].

Opportunistic part identification approaches essentially rely on AM value-added con-
siderations of the user. As stated by industrial examples, for an AM-including product to
be economically viable, the often higher costs of the AM process must be counterbalanced
by added value over the product life cycle and shall be considered [14, 15]. The base of
AM-potentials from an opportunistic perspective are part complexity, level of customiza-
tion and production volume [5]. A higher detail level can be reached by scanning for
AM candidates by integrated design, individualization, lightweight design and efficiency.
Therefore, applying each of the mentioned criterion on all possible components and/or
products should yield the AM candidates out of a given product portfolio [16].

The suitability of a component or product for AM is not fully depicted through oppor-
tunistic criteria, since (AM) manufacturability is not addressed, thus creating the need for
restrictive criteria. The two fundamental restrictive criteria for additively manufacturable
parts are dimensions not larger than build chamber volume and powder material availabil-
ity [25]. A part filtering method uses known Design for Additive Manufacturing (DfAM)
guidelines as excluding criteria to classify parts into non-AM-manufacturable, manufac-
turable with minor redesign, and as-is manufacturable. The filter method uses high-,
medium and low impact criteria. Some examples are hardware, material, load environ-
ment and cost (high impact), complexity, lead time and post processing (medium impact),
and fatigue, surface finish, weight savings and customization potential (low impact) [30].
Ongoing research is addressing part separation to fit components into build chamber
[6, 12, 23].

Technical assessment approaches include questionnaire-based evaluation of single
components [19, 21] and a two-step automated process through modularization of com-
ponent groups [36]. The Trade-Off Matrix (TOM) follows the same questionnaire-based
technical assessment method preceded by a K.O. criteria screening in order to rule
out generally non-manufacturable parts (eg. part dimensions and material availability).
Subsequently, an extensive series of questions to prove AM feasibility follows, subdi-
vided into four categories: change of manufacturing technology (redesign potential for
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AM-suitability), lightweight potential (redesign potential for weight reduction), func-
tional integration (redesign potential for functionality improvement), overall product
optimization for additive manufacturing (extensive redesign for AM) [18].

In addition to ongoing research, commercial solutions for part identification have
already been introduced to the market in recent years. 3YourMind GmbH together with
EOS GmbH released the Inventory Analysis software solution, based on pre-set and
customisable evaluation criteria for an inventory scan and identification algorithm for
printable parts. Additive Innovation GmbH advertises a software solution with user-
definable test profiles for 3D-model database search towards identification of printable
parts and data conversion for AM. Castor Technologies Ltd. offers the suggestion of part
consolidation from assemblies based on material matching, joint types, and gap tolerances.

Current research and commercial software illustrate that, at the current state of the
art, AM suitability screening of product portfolios is driven by physical or economic
properties of the components in a product, and functional enhancement is applied to
individual parts if applicable. The current paper aims toward function-driven, automatable
identification methods, which have the potential to exploit the opportunities of product
(redevelopment).

2.2 Product Architecture and Functional Integration

Thumm and Gohlich demonstrated the applicability and advantages of product archi-
tectures for the industrial product development context [33]. Current part identification
methods as described in Sect. 2.1 evaluate products, or better yet, PA for AM at com-
ponent level. Exemplary, Nie et al. propose a part consolidation based on a so-called
Connectivity Matrix to reduce the number of interfaces in assemblies and thus reaching
part consolidation [22]. The method introduced by Kim et al. focuses on eliminating join-
ing operating which are difficult to disassemble at end of life. Their aim is to improve
serviceability and maintenance using AM [13]. Furthermore, linking components and their
connection types in an extended product architecture, based in conventionally fabricated
products, can explore the potential of part consolidation for AM as proposed by Reichwein
et al. Taken to a further step, volume manufacturability limits and guideline restrictions
shall be accounted for. The use of Design Pattern Matrix (DPM) enables the creation of
advantageous AM-based product design solutions [26, 27]. An opposite approach pos-
tulated by Ziebart considers a fully integrated machine and proposed to split it step by
step considering functional requirements, serviceability, material selection, among other
criteria [37].

Consideration of functional interdependencies in part consolidation enables integral
design and thus, exploitation of the benefits of AM. Richter et al. describe the develop-
ment of product architectures by analysing function principles and carriers to integrate
functionality into parts [29]. Wagner extended this approach using the Design Pattern
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Matrix (DPM). The DPM aims to associate design elements driven by manufacturing
processes, such as AM in this case, with function carriers [35]. A holistic approach and
framework to develop new product architectures considering development scenarios and
manufacturing processes was presented by Richter [28]. Frohlich et al. developed “func-
tion in a box” approach for multifunctional separation and embedding of and thus creation
of product architectures [9].

Research addressing the design of product architectures for additive manufacturing
are not AM specific [35], lack a generalised, reproduceable approach [29] or focus the
conceptualisation rather than redesign of product architectures [28]. Reichwein et al.
introduce an additional model to transform the product architecture towards AM and
analysis focus on connections between parts emphasizing separation rather than functional
integration [27].

3 PA-Assisted Method

The part identification methods as in Sect. 2.1 require product and AM expert input to
outline product characteristics and set them into the evaluation framework. The use of
employee workshops, fillable questionnaires, matrixes or other manually editable tools
are widespread solutions. Commercial solutions are currently restricted to physical part
characteristics as well. This results in the identification process shown in left side of
Fig. 1. First, considering widespread AM-drivers and specific company strategy, the com-

Fig.1 Conventional (left) and PA-assisted (right) process for incorporating AM into a product
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pany’s product portfolio is scanned to identify potential assemblies. Possible filter metrics
can include both opportunistic and restrictive criteria such as lead time, cost per weight,
component build volume or component complexity. This step yields a set of potential
assemblies to be analysed. The respective parts are evaluated by technical assessment,
AM value-added and cost, resulting in a set of potential parts for AM.

Figure 1 (right) highlights the extension of the current part identification process and
indicates the scope of the current paper. After identification of assemblies of interest,
the respective PA for each assembly is generated based on information from PLM and
ERP systems. This paper introduces a transformation method from conventional PA to
AM-supporting PA. This AM-PA comprises conceptual parts which are evaluated for
manufacturability and/or cost-benefit using DfAM Methods [3, 4] yielding the feasibility
of the new PA. Eventually, the indicated restructuring loop and overall part identifica-
tion process results in a restructured PA emphasizing integral design to incorporate the
benefits of additive manufacturing, while assuring manufacturability. Finally, potential
AM-parts are identified. Assembly compatibility is addressed by the designer on a qual-
itative level and has to be ensured quantitatively during embodiment design checking
functional requirements and interfaces.

3.1 Heuristic Transformation Approach

We propose a three-stage transformation method which comprises scenario definition,
transformation indication and evaluation. The transformation methods begins by defin-
ing the scenario, such as product re-development, service part scenario or, say, legacy
part replacement. The definition of a specific scenario determines the prioritization of the
criteria for eg. component exclusion or function fulfilment verification. In service sce-
narios, for example, interfaces to associated modules are fix and interchangeability and
serviceability is prioritized. Therefore, the exchangeability of wear components has to be
ensured.

The product architecture depends on the chosen AM-process significantly and the real-
isation of AM-value propositions depends on development aims and strategy. Therefore,
definition of considered materials and manufacturing processes is essential in the scenario
stage.

The product architecture shall be analysed at the lowest function/component interface
level. The current method assumes a subfunction-component direct link in the CPA. In
distinction to Reichwein et al. [27] the method proposes component selection as AM
candidates by analysing product part functions instead of an across the board component
consolidation and separation based on physical properties of components. After defin-
ing the identification scenario, the following iterative scheme is proposed to indicate
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transformation potential for CPA to AMPA in terms of functional integration and part
consolidation:

1. Which function is addressed by multiple parts?
For each part:
if part adresses only this function: part consolidation else:
1.1 Check if Additional functions would be obsolete through part consolidation.
1.2 Check if Additional functions could be integrated.
1.3 Check if parts could be split.
2. Check if parts representing inner structure could get integrated in outer part with AM.

w

Check if design of parts in module is driven by conventional design -> consolidation.
4. Go back to Step 1 if necessary.

Note: In each step check if parts and/or functions within a module or at module interfaces
are obsolete due to part consolidation and update PA accordingly.

As part of the downstream technical assessment, the following questions are proposed
in order to underline manufacturability, profitability and assembly compatibility. This
nonordered questionnaire can be expanded and detailed according to the specific scenario,
machine characteristics and material requirements.

Evaluation questions:

e Are any of the chosen parts standard parts or components with a semi-finished product
characteristic, such as formed metal sheets, etc.?

e Check resulting conceptual component dimensions for printable volume

e Are all respective components for consolidation connected? (use of DSM or CAD-Model)

e [s the service/module/etc. strategy being respected?

After Evaluation of the transformation indications, the AM-PA is derived from conven-
tional PA. Subsequently, parts shall undergo a manufacturing process specific technical
assessment, evaluation of realisation of AM-added value and cost estimation (see
Sect. 2.1). As a result, restructuring and separating components using methods described
in Sect. 2.2 could improve manufacturability with AM and reduce cost.

4 Application and Results
4.1 Conventional Product Architecture—2-Stage Main Nozzle

The method is applied to a fuel supply assembly for a 2-Stage turbo-annular combustion
chamber used in gas turbines as shown in [4]. The conventional manufacturing driven
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product architecture comprises 25 different components divided into 5 Modules, whereas
the “Distribution” module is found in the assembly § times distributed radially to the
assembly’s middle axis. The overall assembly function is to mix fuels A and B with air
from the compressor and transport the air—fuel mix to the combustion chamber. Module
“Supply A” connects fuel A supply with “Manifold C”. “Manifold A” and “Manifold B”
supply fuel B to “Manifold C” as well. Inside the module “Manifold C”, fuels A and B
are homogeneously distributed to 8 different outlet positions directed to the “Distribution”
modules. The fuel-air mixing functionality is carried out by the “Distribution” module.
At the lowest functional level, specific functions such as thermal protection, mechanical
sealing, fixation and positioning, liquid fuel atomization are listed in the conventional PA
in Fig. 2. The presented product architecture is formulated in a non-proprietary language
for the product. This level of abstraction supports the application of the transformation
approach from Sect. 3 by reducing implications and assumptions induced by designer
specific naming conventions. Functionalities and components at the lowest PA level—sub-
function versus component—are linked and used as the base of analysis for the proposed
method.

4.2 Heuristic Transformation Approach and AM-Supporting Product
Architecture

The proposed method described in Sect. 3.1 is now applied to the conventional prod-
uct architecture. For the first step in the transformation method, scope and scenario are
defined. The scope of this study comprises restructuring of product architecture for small
series production supporting product modification for rapid manufacturing with LPBF.
In [6] Diegel et al. distinct three different approaches for redesigning AM-part: direct
part replacement, adapt for AM and design for AM. the focus of this study is adaption
for AM. Due to the legacy status of the assembly, serviceability and therefore exchange-
ability and interoperability are prioritized. Furthermore, modularity can only be changed
inside defined service strategies and wear parts like filters should be exchangeable. Second
is the aim of functional integration and part consolidation.

Figure 3 shows the results of the application of the transformation indication scheme
on the conventional PA through colour and line-schemes. Both at subfunction and compo-
nent level, resulting indicators/candidates for part consolidation (question 1 in method) are
highlighted in solid coloured blocks. Given successful part consolidation, possibly obso-
lete functions and parts are indicated by a solid coloured line with a white background
(question 1.1. in method). Functions which could be integrated into other components and
component candidates for part separation are outlined with a discontinuous (questions 1.2
and 1.3 in Sect. 3).

The application of the transformation indication scheme through indicator tracing is
summarized in the following list:
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e Function “Conduct Fuel B” is addressed by multiple parts.

Therefore, Components N, S, R, U and V are marked for consolidation into G

G could be split in a mechanical and a fluid functions related part.

Consequently, Components L, M, Q, X, Y, O, P and W are potentially obsolete as

their function are unnecessary or could get integrated using AM.
— Component I could be obsolete due to additive manufacturing of component G.

e Components J and K address same functions in the “Distribution” module and could
be consolidated.

e Components B, C and D mainly address “Conduct fuel A” and are candidates for
consolidation.
— Components A, E and F are potentially obviate due to functional integration.

After indication of AM-Potential, evaluation based on the scenario described in 3.1 is
performed. The result of the filtering process is shown in Fig. 4. Due to the priority of

I METUS Software by ID-Consult was used to define the product architectures.
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serviceability, filtering and tuning subfunctions are not integrated, which has an effect on
transformability of components A, E, F, O, P, W. Moreover, component B presents a semi-
finished product characteristic and a modularization strategy is in place for “Supply A”,
which rules out their integration into component G. The technical assessment excludes
the consolidation of components J, K and I due to manufacturing restrictions of LPBF.

These considerations result in the AM-Supporting PA shown in Fig. 5. The AM-
supporting PA can be used as baseline for conceptual design of the components and
technical assessment, evaluation of AM-value propositions as well as cost estimation.
Figure 6 shows a draft of the assembly derived from the conventional embodiment design
and AM-supporting PA. Component G is split into two functional parts: a mechanical (G-
AMI) and a fluid-related component (G-AMII) to achieve a “design to cost” approach.
Former functionality of Manifolds A and B was integrated into G-AMII, with exception
of those functions related to fuel filtering and connecting to supply pipe to comply with
the service strategy. Component N is divided into an integrable section with functionality
integrated into G-AMII and a stand-alone N-AM section.

The recommended AM-supporting PA comprises 15 different components compared
to 25 in the conventional PA and 3 submodules compared to 5, respectively. Under con-
sideration of assembly costs, the effect of the transformation appears to be even more
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beneficial by part consolidation in the “distribution” module due to the potential saving
of previously 12 soldering connections as well as clamping operations necessary in a
conventional PA.

In a last step, the components’ physical correlations are analysed by means of DSM.
Figure 7 compares the DSM for conventional and AM-supporting PA. The effect of part
consolidation and therefore reduction of part interactions is clearly evident. Three main
components (B, G-AMII and K) can be identified and interactions between to modules
are reduced to three.

Following steps would require the conceptional design of component G-AMII for func-
tional and manufacturing assessment as well as cost estimation as described in Sect. 3. The
realisation of AM-value propositions in accordance with the strategic aims demands the
evaluation of postprocessing and joining efforts to compare the AM with the conventional

design as well.
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Conclusion and Outlook
such as valuation tables suffer from poor data quality in ERP and PLM systems. Hence,

Widely used methods for identifying potentially profitable additive manufactured parts,

Fig.5 AM-supporting PA after transformation from conventional PA

5
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they are largely based on AM expert and product expert knowledge. Utilizing product
architectures as a tool in the identification process opens the door for a function-based AM
potential identification approach in product portfolios and thus applicable by non-experts.

Additionally, potential AM benefits such as functional integration and resource effi-
ciency through part consolidation are currently exploited on only a marginal scale. In
this study, a method was developed to transform a product architecture based on con-
ventionally manufacturing processes into an AM-supporting product architecture. To this
end, a three-step iterative method was proposed. The heuristic transformation process in
turn entails firstly the determination of a scenario and boundary conditions. Subsequently,
a checklist is applied to the conventional PA for AM-indicator analysis, while making
use of AM-potentials such as functional design concepts. Finally, the resulting candi-
dates from indicator analysis are evaluated for applicability according to the scenario and
boundary conditions. The entire process is aimed at generating redesigned components
with significant functional integration to utilize the potential offered by AM.

The application of the method is demonstrated for a 2-Stage Main Nozzle used in
gas turbines in an “adapt for AM” scenario. The complexity of the assembly is signif-
icantly reduced from five submodules to three and from25 different components to 15
respectively.

Future work will comprise technical assessment, cost estimation, design and man-
ufacturing of the components to verify the effectiveness of the method regarding part
identification for AM. Additionally, a formalized process to ensure manufacturability
and assembly compatibility must be incorporated into the method. Furthermore, we will
investigate the application of the transformation approach on product architectures from
different fields to improve generalisation of the method. In our study we considered a ser-
vice scenario with adaption for AM. Therefore, interactions with associated modules were
fixed and not scope of the study. The presented method addresses manufacturing with
LPBF. Consequently, investigations on how the chosen additive manufacturing method
and scenario influence the restructuring of the product assembly will be conducted.

An additional field of research is the applicability of the developed methods in inte-
grated and automated software solutions, especially focusing on standardized functional
descriptions. The automation of the transformation process as well as the incorporation
of further conventional and additive manufacturing processes is also in the research out-
look. The aim is to integrate the method in existing part identification methods to enable
a holistic scanning and design to cost approach on product portfolios.
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Additive Manufacturing of Soft Robots

Felix Weigand® and Arthur Seibel

Abstract

Soft robotics is an emerging field in science and technology that extends the area of
classical robotics to new types of applications. Soft robots uniformly conform to their
objects in contact without damaging them, but also without being damaged themselves
by these objects. In the field of pneumatic soft robots, the classical production method
is silicone injection molding. This method, however, is only economical for relatively
large batch sizes. In this context, additive manufacturing (and especially silicone 3D
printing) offers a promising alternative for small and medium batch sizes. In this paper,
we describe the technology of silicone 3D printing, discuss the way to develop a com-
prehensive design compendium, and present the application of first design guidelines
using an illustrative example.
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1 Introduction

Soft robotics is a relatively young emerging field in robotics that deals with the design,
fabrication, and control of soft structures [1-3]. Often inspired by skeletonless biological
archetypes [4], soft robots have the ability of not damaging their environment [5], but
also not being damaged by the environment themselves [6].

The application areas of soft robots typically involve interaction with a soft (living or
nonliving) structure. Soft grippers, for example, can be used to grasp unknown or fragile
objects [7]. And soft exosystems, for example, can be used to help rehabilitate humans
[8]. Other application areas include soft surgical instruments [9], locomotion systems for
unknown and unstructured environments [10, 11], and human—machine interfaces [12].

Pneumatically driven soft robots are usually manufactured using silicone injection
molding [13]. However, this process requires investments in tooling and fixture con-
struction, which are only profitable for medium and high batch sizes. However, if small
quantities, individualized products, or prototypes are required, it is desirable for the soft
robotic structure to be manufactured by additive manufacturing (also known as 3D print-
ing) [14—-16]. While other additive manufacturing technologies for silicones may become
available in the future, extrusion technologies can currently be considered to be the fore-
runner. For this reason, we focus exclusively on extrusion-based silicone 3D printing in
this paper.

The paper is organized as follows. After a brief introduction to (extrusion-based)
silicone 3D printing in Sect. 2, a strategy for the development of design guidelines is pre-
sented in Sect. 3 in order to strengthen the acceptance of this technology in the industry.
A case study in Sect. 4 demonstrates the application of first already developed guidelines
and shows the potential of silicone 3D printing in soft robotics. Section 5 concludes this
work and gives recommendations for future research.

2 Silicone 3D Printing

Several methods for additive manufacturing of soft robots have been reported in the
literature so far, such as fused deposition modeling [17], selective laser sintering [18],
stereolithography [19], as well as polyjet technology [20]. However, these methods use
materials that do not have the desired elasticity and Shore hardness. For this reason,
the authors suggest using (extrusion-based) silicone 3D printing for the production of
the pneumatic structure of a soft robot, as it can process real silicones with low Shore
hardnesses and high elongations at break.
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2.1 Technology Description

Material extrusion processes utilize an extruder assembly and a nozzle to extrude a contin-
uous strand of material onto a build platform. Although the silicone 3D printing process
shares many similarities with the popular fused filament fabrication (FFF) process, the
feedstock is not a filament but a liquid, which has a much higher viscosity when it
is deposited compared to polymers that are typically used in FFF. This has significant
implications for the process characteristics as well as the available freedom of design.
Therefore, silicone 3D printing has to be viewed separately from the FFF process.

The number of available silicone 3D printing systems is still limited. So far, only
three manufacturers offer systems that can be considered as ready for first industrial
applications:

e 1iQ320 3D printer (InnovatiQ, Germany) [21],
e S600D 3D printer (Lynxter, France) [22],
e Delta Tower Fluid (Deltatower, Switzerland) [23].

While all three systems use the same extruder system from ViscoTech (Germany) [24],
the individual processes as well as the offered materials are slightly different. Attached to
the extruder is a disposable static mixer (e.g., from Vieweg GmbH, Germany [25]) and a
nozzle to deposit the material strand with the desired diameter. Both items are relatively
low-cost and have to be regularly replaced. Nozzles are available with diameters ranging
from 0.06 to 2 mm.

Like most other additive manufacturing processes, silicone 3D printing is a layer-based
process where the same basic steps are repeated for each layer. The process consists of
two main steps and some additional pre- and post- processing steps, which may vary
between the three systems. Figure 1 illustrates the individual process steps using the
LiQ320 system as an example. This system is used to develop the first design guidelines
and the case study presented in this paper.

1) Preheating gir::ﬁli:: m 4) Post curing

—p D

/-3 =t &

Fig.1 Process steps of (extrusion-based) silicone 3D printing



104 F. Weigand and A. Seibel

(1) Preheating: At the beginning of the process, the ceramic build plate of the printer
is preheated. This is done with a curing lamp, which can reach temperatures of up
to 2000 °C. The lamp is directly attached to the extruder kinematics. The speed and
travel distance of the lamp are usually defined by the settings for Step 3 and can thus
be seen as a preliminary curing cycle. Since only InnovatiQ uses a heating lamp to
accelerate the curing process, this step is not required for the other two systems.

(2) Material deposition: The kinematics of the printer are used to move the extruder
along a predefined path. Along this path, a strand of material is extruded. The first
layer is deposited directly onto the build platform, while each following layer is then
deposited onto the previous one.

(3) Curing: After placing of each layer, the heating lamp moves across the build platform.
The high temperature of the lamp accelerates the curing process of the silicone to a
point where it hardens almost instantly.

(4) Post curing: To obtain the best component properties and ensure the silicone to be
fully cured, it is advisable to include a final curing step inside an annealing oven as
a final process step.

2.2 Processible Materials

In theory, it is possible to process any fluid or paste with extrusion-based 3D printing
systems. There are, however, two limiting factors to be considered. The first one is the
viscosity of the material after it is deposited onto the build platform, and the second one
is the curing speed of the material. A material is only suitable for an extrusion- based 3D
printing process if it is liquid enough to be pressed through the nozzle and at the same
time solid enough not to lose its shape immediately after it is deposited. In addition, the
material must be able to cure immediately so that the individual layers can be quickly
placed on top of each other, without flattening due to their own weight.

Regarding silicones, it is possible to process one- or two-component silicones. Both
exhibit a hyperelastic and viscoelastic behavior. Here, ‘hyperelastic’ means that the mate-
rial is nonlinear and can experience high strains and ‘viscoelastic’ means that it exhibits
a combination of elastic and viscous properties.

Figure 2a shows the stress-strain diagram of a typical silicone material. We can see the
typical S shape, which is why it is not possible to assign a unique Young’s modulus to
such a material. Usually, the Young’s modulus is given for a certain strain (such as Esg
for 50% or Eoqy for 200% strain).

Silicone materials also experience the so-called Mullins effect [26]. During the first
loading cycles, polymer chains brake at the micro level, which leads to a permanent
change in the elastomeric network [27]. Figure 2b shows the loading—unloading behavior
of a typical silicone material illustrating this phenomenon. We can observe that, during
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Fig.2 Characteristic stress—strain behavior of silicone; a single deformation, b cyclic stepwise-
increasing deformation

the first deformation cycles, the stiffness gradually decreases and the material response
becomes more and more repeatable.

A major disadvantage of silicone materials, however, is their tendency to age, which
leads to an increase in stiffness and thus embrittlement of the material. Environmental
influences, such as temperature or various chemicals, can also accelerate aging [28].

3 Development of Design Guidelines

One of the most important arguments for using additive manufacturing (AM) is the great
design freedom it has to offer. At the same time, this freedom is also the main reason why
industrial applications have been rare so far. Just like any other manufacturing technology,
AM technologies possess process-related restrictions that must be taken into account when
designing a part. Considering these restrictions poses a particular challenge. Some design
limits are common to all technologies, but others are unique for each single one.

To develop a comprehensive design compendium, there are many different design
guidelines to be considered. To structure the development of design guidelines, they
will be divided into two categories and two subcategories. The first category is general
design guidelines that are relevant specifically for material extrusion technologies. They
are independent from the manufacturing system or the material used. The second cate-
gory is specific design guidelines that encompass all guidelines specifically relevant to the
silicone 3D printing process.

Each category has the same two subcategories. The first one is design for manufactur-
ing, which contains all guidelines describing the limitations of the manufacturing process.
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In the case of general design guidelines, this subcategory describes rules regarding the
staircase effect or the extrusion width, for example. In the case of specific design guide-
lines, it describes the characteristic values for process-related questions like “What is the
minimum wall thickness?” and others. The second subcategory is design for function.
Within this subcategory, coming from the intended application, design recommendations
are given for realizing a specific function.

4 Case Study

The silicone gripper considered in this case study is a pneumatically actuated gripper
with three fingers, as shown in Fig. 3 (see Fig. 7 for the actuated gripper). Each finger is
approx. 50 mm long and consists of several air-filled chambers. Each chamber is 15 mm
high, 15 mm wide, 5.2 mm deep, and has a wall thickness of 1 mm. The fingers are
used simultaneously for gripping and can only be actuated together. They are arranged at
120° angles to each other and run together in a central connection, which can be directly
plugged into a pressure source. Upon actuation, the air is distributed equally between all
fingers. The gripper was originally designed for a multi-stage casting process [13] and
is now to be redesigned in terms of silicone 3D printing. Since the functionality of the
original component is already given, only design for manufacturing guidelines are relevant
for the redesign.

4.1 Selection of Design Guidelines

The limitations of the casting process differ significantly from those of silicone 3D print-
ing. Undercuts and cavities in particular are special challenges in the casting process.
However, they are a basic requirement for producing a functional pneumatic actuator.
The main challenges of pneumatic components suited for the silicone 3D printing process
are the two following questions:

Fig.3 Pneumatically actuated
universal soft gripper
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1. What is the minimum overhang angle for inclined surfaces?
2. Which wall thickness should be chosen to create airtight cavities?

In an experimental study conducted by the authors, two benchmark parts were developed
and manufactured to determine the answers to these questions [29]. The first benchmark
part is a solid base with an inclined wall, see Fig. 4a. This part is used to identify the
minimum overhang angle and is thus printed in different configurations. The parameters
varied are the overhang angle and the length of the wall. The second benchmark part
consists of a cuboid with a prism on top that resulted in a test geometry of a house-like
shape, see Fig. 4b. The geometry is hollow and is used to determine the best configuration
for a hermetically sealed cavity. The wall thickness, the edge length of the cuboid, and
the overhang angle are the relevant parameters that were varied for each of the printed
benchmark parts.
The two developed design guidelines state [29]:

1. Minimum overhang angle: In general, overhang angles should be at least 50°. For
continuous extrusion paths longer than 15 mm, angles between 40° and 50° are also
feasible.

2. Minimum wall thickness for hermetically sealed cavities: For a 0.4 mm nozzle, the wall
thickness should be at least 1.17 mm. This corresponds to at least three shells for an
extrusion width of 0.39 mm (at an overhang angle of 45°).

Note that these two guidelines are only valid for InnovatiQ’s LiQ320 3D printing system
and Silastic 3D 3335 liquid silicone rubber from Dow Chemical (USA) and the minimum
wall thickness for hermetically sealed cavities is angle-dependent (not analyzed here).

In addition to the specific design guidelines stated above, two general guidelines were
also considered for the redesign of the gripper. The first guideline states that the wall
thickness of thin walls should always be a multiple of the extrusion width. This avoids
hollow areas (when the shells from the outside and the inside of the chamber wall are
creating a gap that is too small for additional material) or material accumulation (when
the shells from the outside and the inside of the chamber wall are overlapping) inside the
chamber walls of the gripper.
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The second general guideline states that very short extrusion paths should be avoided.
This guideline is another design for manufacturing guideline to be considered for all mate-
rial extrusion processes. Each time the print head stops to extrude material and moves to
a new location, material has to be retracted inside the extruder to prevent excess material
to leave the nozzle. This creates large pressure changes inside the extruder. Restarting
the extrusion process creates a short time period where material is extruded unevenly.
This can be minimized but is hard or even impossible to avoid completely. Therefore, the
number of pressure changes should be kept minimal. Considering that, shells (also called
perimeters) and infill structures should ideally consist of a single continuous path. This
can be achieved by choosing a design with a consistent wall thickness and certain infill
structures.

4.2 Application of Design Guidelines

To adapt the gripper to the requirements of silicone 3D printing, the critical areas of the
original design have to be identified. For this purpose, the design features of a single
actuator are analyzed. It consists of multiple hollow chambers connected to each other
at their base. An air duct runs along the base, which guides the compressed air from the
central connection into the individual chambers. The areas of the design to be adjusted
are the horizontal overhangs and the wall thickness of the chambers (cf. Fig. 3).

In a first design iteration, the chambers were chamfered at the top to avoid horizontal
overhangs. From the first specific design guideline described above, it is known that it is
possible to manufacture an overhang angle of 45° successfully for continuous extrusion
paths longer than 15 mm. All inclined surfaces of the gripper thus have an overhang angle
of at least 45°, see Fig. 5 (blue). The second specific guideline states that at least three
shells are required to create an airtight wall around the chamber. For the used extrusion
width of 0.39 mm, this results in a wall thickness of 1.17 mm, which was used for the
first iteration of the redesign, see Fig. 5 (red).

The first redesign was printed and tested. While the gripper was manufactured success-
fully and came out of the printer without any visible defects, the tests showed that the
actuators were not completely sealed. Submerging the gripper in water while pressurizing
it revealed that the air was escaping at the top of the chambers and from the duct. The
reason for this is most likely the problem discussed in the second general design guide-
line (avoidance of very short extrusion paths) discussed above. The first redesign (Fig. 5,
top) created a very small cross sectional area at the top of the chambers, which leads to
many short extrusion paths (Fig. 5, bottom; red dotted line). To avoid this problem, for
the second iteration of the redesign (Fig. 6, top), the inclined surfaces were rotated by
90° to create a surface with longer extrusion paths (Fig. 6, bottom; red dotted line). The
minimum overhang angle was also increased from 45° to 50° (Fig. 6, top; blue), and an
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Fig.5 First redesign iteration of the universal gripper with many short extrusion paths

additional shell was added (resulting in a wall thickness of 1.56 mm) to make sure that
the air chambers and the duct are fully sealed (Fig. 6, top; red).

The second version of the gripper was successfully printed and tested in a water bath
just like the first version. No rising air bubbles could be observed. The gripper was then
mounted on a robot arm (DOBOT Magician from Variobotic GmbH, Germany) and acti-
vated using an electric pump. It was reliably used to handle fruits and vegetables, see
Fig. 7. The desired motion of the fingers could be achieved and is comparable to the
motion of the casted version of the gripper.
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Fig.6 Second redesign iteration of the universal gripper with longer extrusion paths

Fig.7 3D printed universal gripper mounted on a robot arm when grasping a strawberry
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5 Conclusions and Outlook

Soft robots can interact safely with humans as well as their environment, adapt well to
differently shaped objects, and they are also inexpensive. Silicone 3D printing makes
it possible to produce pneumatically driven soft robots with the desired properties in
individualized form from a single piece. The presented case study shows that a deeper
understanding of the capabilities and limitations of the process is necessary to redesign
an existing part or to design a new one. Design guidelines can be an important tool to
assist in the design process. The first guidelines developed by the authors and presented
in this paper were successfully applied to redesign an existing universal gripper that was
previously created for casting. The design guidelines also facilitated troubleshooting fol-
lowing the testing of the first design iteration. Since the minimum overhang angle and
the minimum wall thickness for airtight cavities are scientifically validated values, other
factors such as the length of the extrusion paths could quickly be identified as the main
cause for leakage.

Silicone 3D printing is a relatively new technology, nearing its introduction to indus-
trial usage. Therefore, the authors intend to further develop the presented guidelines and
investigate additional ones. An additional topic to be considered in future research will be
the durability of printed silicone parts as well as the aging of the material. Both should
be investigated to ensure a successful introduction into industrial applications.
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Design Automation of a Patient-Specific
Endoprosthesis with Multi- Objective
Optimized Lattice Structures
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Abstract

Additive manufacturing is a strong enabler for the individualization trend in product
development and is also increasingly finding its way into medical technology. This
is made possible by the immense design freedom as well as new modeling methods,
which can transform the design phase in product development. This paper presents a
process chain for automating the design synthesis of a parameterized hip endopros-
thesis based on patient-specific computed tomographic image data. Expert systems
are used to simplify and automate critical design steps of the endoprosthesis, which
are specified at a high level of abstraction by the user’s input of design goals. This
process chain, in contrast to the conventional design synthesis, can also be extended
with multi- objective optimization strategies, like a maximize bone-ingrowth through
a surface layer with lattice structures, so that the efficiency of the automated design
synthesis of the short stem endoprosthesis can be maximized.
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1 Introduction

Endoprosthesis are implants that partially or completely replace damaged body parts such
as worn joints or defective bone material and remain permanently in the human body. With
endoprosthesis in confectioned size systems, the requirements of anchoring implants can
only be inadequately solved, since the bone has to be adapted to the endoprosthesis and
healthy bone must also be removed [1]. Normally, they are manufactured by machining
or casting. However, their geometric shape is limited due to accessibility for tools or
demouldability. With the increasing demands on arthroplasty and the increased demand
for surgical techniques that are gentle on the soft tissue and save bone, the importance of
patient-specific solutions is also growing [2].

Additive manufacturing empowers these developments in the field of medical technol-
ogy. This trend is based on the certainty that the patient’s characteristics, as well as the
influences of the individual lifestyle and the environment, have a significant influence on
the respective disease and its therapy [3, 4]. With the possibilities of additive manufac-
turing, the conception and design of new structures are no longer limited to conventional
manufacturing restrictions [5]. Thus, in addition to free shaping, complex lattice struc-
tures can be realized, which can produce various effects, such as maximum bone ingrowth
while it functions as a scaffold [6]. The lattice structure exhibits better mechanical per-
formances of the bone-anchored endoprosthesis which is determined by its porosity and
relative density [7, 8].

With the help of Computational Design Synthesis (CDS), a model is presented
that automates the synthesis of an individual short-shaft hip endoprosthesis for addi-
tive manufacturing. The automated design synthesis of the stem geometry is followed
by effect-engineering in a highly integrative Computer-Aided Engineering Environment
(CAEE). In effect-engineering, various physical effects, such as maximum bone ingrowth
or adjustment of the Young’s modulus between bone and implant, are implemented in the
model to increase the efficiency of the short-shaft endoprosthesis. For this purpose, the
process chain is extended by the optimization goal of maximum bone ingrowth through a
surface layer with lattice structures.

2 Related Work

Technological advances in additive manufacturing are the basis for patient-specific design
synthesis of (medical) products. The methods of CDS, which are described in Sect. 2.1,
support the cost efficiency of the process. The subsequent effect-engineering with the
multi-objective optimization approach, as described in Sect. 2.2, can maximize the
requirements of the medical devices in terms of service life, functionality, and freedom
from complications.
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2.1 Computational Design Syntheses of Individualized Products

The development of products is an iterative and creative process in which decisions are
made to create a product that meets the wishes and needs of the customer. Based on the
wishes and needs of the customers, a problem is formulated, which is then transferred into
a design by the developer through the search for a solution concept [9, 10]. The efficiency
of the product depends significantly on the quality of the requirements description and
the respective requirements implementation in the product [11]. This concept phase is
particularly critical, because here the influence on costs is at a maximum and decisions
in this phase have an impact on all later ones [12]. The growing demand for product
differentiation leads to a high external product variety in this phase. However, this external
product diversity carries the risk of internally induced variance and process complexity
[13].

CDS is a research area based on the approach that various time-consuming and routine
design tasks performed by an engineer in the context of product development can be
(semi-)automated by computer-aided systems [14]. CDS-based tools automate the design
synthesis through algorithmic procedures and have the ability to evaluate this model and
provide feedback. Accordingly, the design models represent the flow-specific formulation
of the respective design problem and describe not only the structure and the respective
components, but also the parameters and their relationships to each other [15]. Thus, the
CDS can also start early in the conception phase and supports the creative process of
conceptualizing products. According to Chakrabarti et al., CDS is important mainly for
two aspects. Often, the development of a new solution is complicated due to the limitation
of knowledge or the consistency of requirements. Furthermore, the mental effort of the
developer during the design process plays a major role, which can lead to errors [12]. The
method aims to map numerous design variants based on various requirements as well as
restrictions with the help of decision support systems and then to find an optimal geometry
and topology for a component or assembly [16, 17]. Through this procedure, a defined
external product variety can be offered and at the same time the internal component and
process variety can be reduced.

A typical CDS framework for computer-aided solution of engineering design tasks is
shown in Fig. 1.

The core of the framework consists of a loop through the phases generate, evaluate and
guide, which are based on the representation. These three phases, which define the search
process for a design solution based on the formulation of the design task, can be under-
stood by humans and computer-aided systems alike. A human developer interprets the
final design and can make adjustments to the formulation of the design task, if necessary,
to improve the results of the next iteration.

In the representation phase of a schematic design solution, the level of detail and focus
of the CDS is defined. For this, the class of the design problem has to be investigated, for
example by identifying previous solutions or known methods to map the representation
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Fig.1 The generic flowchart for the synthesis of open-ended engineering design problems based on
[15]

of the solutions. The representation can therefore be represented in different ways, such
as forms, functions and structures. This phase forms the foundation for all further steps
and must therefore be carried out manually with considerable care. In the generative part,
new solutions are synthesized computer-aided based on the representation. To evaluate the
quality of the solution, the CDS method must be able to separate good solutions from bad
ones. In the last step of this phase, feedback must be provided to the system describing
how to proceed. Whether the next synthesis steps are triggered by using search methods,
e.g. simulated annealing, or knowledge based engineering methods, such as using an
inference engine, depends directly on the representation of knowledge-rewriting [15].

With the help of CDS, the potential for individualising products can be expanded.
Within product individualisation, different approaches can be chosen that characterise the
degree of individualisation depending on the specification and functionality. Through the
CDS, these individualisation measures can be formulated as conditions and restrictions in
the representation. For example, anthropometric body and bone measurements can be used
as a starting point for the automated design synthesis of individualised medical products
such as endoprostheses [18].
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2.2 Evolutionary Multi-objective Optimization

The efficiency of CDS can be maximized with multi-objective optimizations, which are
solved with evolutionary algorithms. A multi-objective optimization problem is charac-
terized by the existence of several objective functions that must either be minimized or
maximized. In addition, constraints can be formulated that must be satisfied by each pos-
sible solution. A multi-objective optimization problem can be described in its general
form as follows [19]:

minimize/maximize: f;,(X), m=1,.. M;
subject to: gj(X) > 0, j=1, ..., J; 0
hk(x) =0, k=1,..., K;
xi(L) < x; §xl.(U), i=1,...,n.
Here ¥ = (x1, ..., x,)7T is the vector of design variables. It contains the decision vari-

ables that describe a solution. The variables can be formulated as continuous, discrete or
binary and are each limited by a lower and an upper bound. Both conditions of inequality
gj (?) > ( and conditions of equality Ay (7) = 0 are considered as constraints.

Constraints often reflect limited resources, user requirements or bounds on the valid-
ity of the computational model concerning the optimization problem. The solutions that
satisfy both the constraints and the variable bounds together form the valid-dimensional
design variable space:

Xi={xeX:g@ >0AhE =0 )

Since the different goals are usually opposite, no optimal point exists as a single solu-
tion. The result is now a solution set. It is defined by the fact that at each point of this
set, one objective function can only be improved by making another worse. Accordingly,
this separation of inefficient solutions is called the Pareto front [20].

Evolutionary algorithms (EA) are stochastic and metaheuristic optimization methods
that use the principles of selection, recombination and mutation, following the example
of biological evolution [21]. With the help of an optimization, ideal design solutions can
be found in the CDS that optimally fulfil the requirements, which are sometimes con-
tradictory, while complying with all restrictions and limits. In this context, evolutionary
computing try to minimize a fitness function, which depends on various variables, in this
case genes [22]. A fitness function evaluates how close a given solution (the combina-
tion of different genes) is to the optimum solution of the desired problem. EA have a
characteristic process, which is shown in Fig. 2.

Collections of individuals (or genomes) are generated through the random initial varia-
tion of genes. Each combination of genes has its fitness. The aim is to find better solutions
step by step and to determine or approximate optima in this way. Each individual rep-
resents a possible solution to the optimization problem. After the individuals have been
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evaluated, they are selected, recombined and mutated. Subsequently, they are again eval-
uated and further selected so that the maximum or minimum of the sought-after objective
function can be found within several generations [21].

3 CDS of Patient-Specific Short Shaft Endoprosthesis
for Maximum Bone Ingrowth

In the following Sect. 3.1, CDS is applied to the design of a patient-specific short-shaft
hip arthroplasty. The multi-objective optimization of the lattice structures for maximum
bone ingrowth, are presented in Sect. 3.2.

3.1 Medical Reverse Engineering and Computational Design
Syntheses of a Parametric Short Shaft

The basis for the patient-specific design synthesis of the short-shaft hip endoprosthesis
are computer tomographic data (CT scans) generated in reverse engineering. These CT
scans can be used to segment the different tissue types, in this case, bone. To ensure
complete preservation of the bone wall (cortical bone) during implantation of a short
stem arthroplasty and postoperatively, only the bone marrow and the cancellous bone are
segmented in medical reverse engineering. The healthy bone wall is used to create primary
stability as well as bone accretion. This segmentation represents the solution space of the
patient-specific short-shaft endoprosthesis.

The transformation of the design space to the desired shaft geometry is performed
using a knowledge base, which is implemented in the process chain. This knowledge
base is defined at a high level of abstraction by the user and mainly describes the type and
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location of the targeted bone anchorage. An advantage of this knowledge implementation
is the possible adaptation of the solution according to the application and pathological
identification.

Bone-anchored implants, such as the short-shaft hip prosthesis, must also fulfil vari-
ous osteological competencies to ensure biocompatibility, primary stability, and sufficient
long-term stability. Thus, a proximal bone anchorage in the metaphysis should mimic
the natural biomechanical conditions of the proximal femur. Besides, stem geometry and
material should have a favorable implant stiffness that allows for stretch stimuli above the
threshold of activation of the mechanosensory system. Another basic osteological require-
ment is a preferred cancellous embedding of the implant, in addition to compact clamping,
to create a rapid bone adaptive remodeling and attachment, which should ensure long-term
stability and prevent stress shielding.

To move from the design space to the solutions of the targeted short shaft endopros-
thesis, various steps have to be taken for mathematical identification and manipulation of
the topology. For this purpose, the visual programming language Grasshopper3D is used.
This enables the automated parametric design synthesis of the patient-specific short stem
endoprosthesis as shown in Fig. 3.

The triangulated mesh from the segmentation of the CT scans is registered in the CDS
environment. The contour is described via defined surface points and mapped by NURBS
curves. NURBS curves (Non Uniform Rational Basic Splines) are a mathematical method
for describing three-dimensional polylines. A NURBS curve is defined by the position of
control points and their degree and weight values. Control points are used to define the
shape of the NURBS curve. For this purpose, the weight value and the degree of each
control point can be changed.

The new contour can thus be fully parameterized using the generated NURBS curves,
in which prominent points of the cortical bone represent control points. An implemented

MRE
Load mesh Topology parameterization Requirements adjustment Finalization
Loading meshes from || The contour is Topology for ideal bone Preparations for the additive
reverse engineering. parameterized by NURBS. anchorage. manufacturing process.
. . .

Contour registration Implementation of a knowledge base Anatomies configurator

The bone marrow space Basic anatomical and osteclogical Adjustment of the

topology is registered. requirements are imp ted. preoperative hip anatomy.

Fig.3 Process chain for generating a patient-specific short-shaft endoprosthesis based on [18]
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knowledge base adjusts the NURBS curves (in particular the position of the control points
and the weights) to generate a design of the short stem endoprosthesis that meets the
anatomical and osteological requirements. The knowledge base is model-based and allows
the user to vary the bone anchorage by using Bézier curves. These curves describe the
distance by which the NURBS curves are displaced from the outer margin to ensure an
optimal fit. Subsequently, a first evaluation is already performed in this step by checking
the implantability and the conical course. Finally, the head of the short stem arthroplasty
is created based on the required postoperative hip anatomy.

The result of this procedure is a patient-specific short stem endoprosthesis with optimal
geometry for a form fit. The geometry generated in this way is used in the following
section as the basis for effect-engineering.

3.2 Effect-Engineering: Generation of a Lattice Structure
for Maximum Bone Ingrowth

A bone has a non-uniform porous structure. Within the porous structure, the graded
density structure grows from the inside of the bone to the edge, the bone wall. In the
current researches of bone-anchored products, these graded structures are tried to imitate
in order to produce various functions such as Young‘s modulus matching, stretch stimulus
generation, or bone ingrowth [23, 24]. Lattice structures can perform a variety of these
functions, which can maximize the efficiency of components. For example, revision rates
for endoprostheses can be significantly reduced by effective bone ingrowth [25].

Since they are impossible or extremely complicated to produce using conventional
manufacturing processes, the application is particularly interested in terms of additive
manufacturing [5]. A lattice structure is an architecture formed by an array of the spatial
arrangement of unit cells with edges and faces. The porous structure has a fully control-
lable pore size, pore shape, and density. The generation of the lattice structure usually
goes through three phases: lattice pattern selection, lattice cell parameter set, and lattice
layout determination. In this process, desired volume models are voxelized by unit cell
cubes. These voxels can be uniformed or non-uniformed in the model. Afterward, these
voxels are filled with the unit cells. The determining parameters are the cell shape (usually
modeled on metallic crystal lattices), the cell size, and the cell thickness. Thus, each cell
can be designed individually, which allows the defined control of the pore characteristic
and the mechanical properties [26].

In this work, the lattice structure is intended exclusively to maximize bone ingrowth,
the area of the proximal and distal metaphysis that is particularly critical for stress shield-
ing is separated in the form of a bounding box and filled with lattice structures (cf.
Fig. 4).

Studies have shown that pore sizes at approximately 650 pm promote bone ingrowth.
With the help of this effect, a bony layer, in the bone-implant interface, can be created
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Fig.4 Process chain for generating lattice structures in the target zone of the metaphysis or maxi-
mum bone ingrowth

that can compensate for the large differences in the Young’s modulus between bone and
implant, has a damping effect and equalizes the forces in the interface [27, 28]. The
lattice structure is placed in the critical area of possible aseptic loosening and supports
bone ingrowth.

As the lattice structure is inserted in the area of relevant mechanical loading of the
metaphysis, a minimum weakening of the structure with maximum bone ingrowth at the
same time should be realized in the bounding box of the grid structure. For this reason, a
lattice structure is sought that has a maximum surface area and minimum volume of the
bounding box.

A restriction here is the maximum pore size of 650 pm (and minimum porse size of
150 pm to ensure open cells for powder removal), as well as the manufacturing restric-
tions of additive manufacturing in the form of minimum wall diameter of the struts at
0.25 mm. The formulation of the multi-objective optimization becomes:

maximize: Apatice (%),
minimize: VBoundingBox ( X ),
subject to: 150 M < gporesize( X ) < 650 wm, 3)
—
gStrutDiameter( xX) =250 pm,
v o
gStrutDownskin( xX) =30°

The genes that define the design variable X are shown in Fig. 5.

Six genes are varied in the multi-objective optimization. To increase the performance
of the multi-objective optimization, these genes were limited in intervals and the step
sizes were adjusted. The gene xOffset-BB (G1) concerns the area offset for area B to
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Fig.5 Representation of all
genes that are varied in the
multi-objective optimization

area A, which makes up the bounding box. This parameter is the main driver for the
volume of the bounding box. The gene xLatticeType (G2) describes the shape of the unit
cell. Four different unit cells can be selected, all of which comply with the manufactur-
ing restriction of maximum overhang angles. The genes xLattice-x, xLattice-y, xLattice-z
(G3-GS5) define the number of volume subdivisions in each spatial direction between the
surfaces A and B. The total volume of the bounding box is composed of these parameters.
These parameters compose the total number of non-uniform voxels within the bounding
box volume. The gene xStrutRadius (G6) describes the radius of the pipe elements with
which the lattice beams are filled.

Each combination of the genes generates a complete and, based on the intervals, valid
solution of the lattice structure. The analysis and evaluation of the genome is done by cal-
culation functions. Thus, the lattice structure is meshed and the surface area of the mesh,
as well as the volume of the bounding box, is calculated. During the mesh generation,
it is also possible that cells are completely closed so that the surface area can decrease
if the voxels are too small and the strut diameter are too large. For this reason, manual
evaluation and estimation of optimal parameters is not possible. The resulting pore size
is calculated as the maximum pore diameter within, or between, two adjacent cells. Since
non-uniformed cells are applied in this application, this pore size is averaged for the outer
layer of the voxels, the surface of the short stem endoprosthesis. Due to the ambiguous
definition of the pore size for the different cell types, this formulation was done as a soft
restriction. This means that results with a pore size outside the limits are also represented
in the genomes.

Multi-objective optimization is performed using the Octopus tool, which enables
Multi-Objective Evolutionary Optimization. It allows searching for many objectives
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simultaneously and generates a set of optimized trade-off solutions between the extremes
of each objective. It introduces the Pareto principle for multiple objectives and is based
on SPEA-2 and the HypE algorithm [21]. The results of the multi-objective optimization
are shown in Fig. 6 by the location of the cubes in the 3D scatter plot of the objectives.

Over 10 generations, each with a population size of 100, 2.300 genomes were thus
tested, selected, mutated and evaluated. Each genome represents a combination of dif-
ferent genes. Since the algorithm minimizes the objectives, the objective of the maximal
lattice surface was negated for the algorithm. Cubes that are closer to the Coordinate
intersection Q and each axis satisfy the objectives better than more distant cubes. In addi-
tion, the colors represent the different generations of multi-objective optimization. It is
clear that each advancing generation satisfies the objectives better until a distinct Pareto
font emerges.

The plot of Genetic distance graphs, in Fig. 7, shows the convergence behavior of
multi-objective optimization. Each graph represents a genome, with the vertices repre-
senting the individual values of the respective gene. For better visualization, they have
been normalized to 1. For better visualization, the numerical range of each gene they
were normalized to 1. For example, a value of xStrutRadius (G5) = 0.8 in the interval of
0.125 - 0.3 mm is an actual value of 0.265 mm.

A clear increase in convergence over the generations can be detected. The genomes
generated automatically in this way can then be reproduced quickly, allowing manual
interpretation of the results. This procedure facilitates the search for optimal solutions. In
Fig. 8, two poor solutions of the lattice structures are shown.

In a normal manual evaluation process, these solutions would not receive further
attention. Instead, users would mainly interpret solutions close to the Pareto front. A
pareto-optimal solution is shown in Fig. 9.

This solution is a result of multi-objective optimization, which optimally combines the
objectives and the restrictions. This lattice structure can be additively manufactured and
maximize bone ingrowth in the distal and proximal metaphysis.
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Fig.8 A Solution with high
volume and low surface area,
which results in an average
pore size of 1.7 mm (within the
limits of the gene intervals), b)
solution with low volume and
low surface area, as the cells
close due to the settings, which
results in an average pore size
of 20 pm

4 Summary and Outlook

In this work, the Design Automation of a Patient-Specific Endoprosthesis with Multi-
Objective Optimized Lattice Structures in a highly integrative Computer-Aided Engineer-
ing Environment (CAEE) was presented. For this purpose, a patient-specific short-shaft
endoprosthesis was generated using the methods of CDS based on CT scans. This short-
shaft endoprosthesis represents the geometric basis of the subsequent effect-engineering.
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Fig.9 Paretto-Optimal solution for maximum bone ingrowth with a large surface area and a small
volume of the BoundingBox, which results in an average pore size of 0.63 mm

In this case, the effect of bone ingrowth is implemented. For this purpose, a relevant
region of the short-shaft endoprosthesis was segmented and populated with parametric lat-
tice structures. The parametric design allowed a multi-objective optimization to maximize
the bone ingrowth.

A major advantage of this approach is the generic design. The CDS can work with
any input mesh from reverse engineering, identify restrictions from it, and generate solu-
tions. The stored knowledge in the CDS can be adapted and modified at any time. The
subsequent multi-objective optimization can thus also be applied to any model and is
not tailored to a specific prosthesis type. Here, too, the objectives, the genes, and their
intervals can be adjusted at any time to produce even better results.

However, the lack of simulative validation so far, especially of the different cell struc-
tures, is critical. A validation of the mechanical parameters and a proof of stability must
be carried out in order to be able to guarantee the safety of the product. The use of
lattice structures often leads to increased stresses at the struts of the lattice structure,
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which can lead to failure. This lack of consideration of the load conditions requires fur-
ther clarification. As a simplified lattice unit, the Gibson-Ashby model is widely used for
the evaluation of porous structures. The model describes the mathematical relationship
between the porosity and the apparent compressive strength and the elastic modulus [29].
Furthermore, other different influences, including tension—compression asymmetry, build
direction dependence, and size effects, have to be considered. In addition, numerical sim-
ulations are necessary to evaluate more precisely the desired positive effect of the lattice
structure on the stress shielding. Stochastic cell distributions, such as Voronoi structures,
can also be used to further approximate the mechanical and osteological conditions of the
bone.

The patient-specific endoprosthesis can maximize the requirements for durability, func-
tionality, and freedom from complications compared to prefabricated prosthesis systems
by ensuring that the implant matches the bone and not the other way around. The combi-
nation of the CDS and the effect-engineering to maximize bone ingrowth enable optimal
positioning of the implant in the bone to ensure optimal primary and secondary stability.
It also minimizes stress shielding, which is one of the main reasons for the revision of
the endoprosthesis.
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Design of a Thermo-Hydraulically Optimised
Heat Exchanger for Production by Laser
Powder Bed Fusion

Robin Kahlfeld, Ina Meyer, Stephan Kabelac, and Roland Lachmayer

Abstract

Additve Manufacturing (AM) offers the possibility to design and optimise Heat
Exchangers (HX) in a completely new way, beyond the conventional types, which
are limited by semi-finished products like pipes and plates. This paper starts with a
short summary of the limitations of conventional Heat Exchangers along with possi-
ble solutions and potentials offered by AM of Heat Exchangers. A special focus is on
the use of lattice structures to enhance heat transfer. A thermo-hydraulically optimised
Heat Exchanger for AM by Laser Powder Bed Fusion (LPBF) is presented. Before
designing the Heat Exchangers, considerations made are shown. This gas cooler was
flow-optimised using CFD simulations and it has an internal lattice structure on the gas
side. For a reference element of the structure used, the simulations show an enhance-
ment in heat transfer between 187 and 266% compared to a plain tube. Finally, LPBF

printed demonstrator Heat Exchangers and geometries are shown.
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1 Introduction

In the course of the current ongoing climate and sustainability debates, the requirements in
the field of thermal management, especially for heat exchangers (HX), have successively
increased regarding efficient performance enhancement. The overriding goal is to achieve
sustainable life cycles through more efficient use of resources [1]. A HX is a device in
which thermal energy is transferred from one fluid flow to another. Therefore, HXs are
used in a wide variety of industrial plants, such as in the energy and chemical industries,
or in the heating and air conditioning of buildings and wherever machine components
need to be cooled or heated. Conventional HXs consist of tubes/plates, sheets and are
assembled by welding, soldering and screwing [2]. This angular construction can lead to
flow maldistribution and increased pressure loss [3, 4]. To solve this problem and develop
new types of heat exchangers, additive manufacturing (AM) technology is a key factor [5—
9]. This allows flow optimised and customized design as well as a variety of constructive
means, such as lattice structures, density gradations or bionic design, to be implemented
[10, 11]. The main aim of this paper is to design a HX for LBPF printing that has an
increased surface-to-volume ratio and flow-optimised geometry to generate an increase in
thermal performance while maintaining or even reducing pressure drop. To demonstrate
this potential a gas cooler is designed, which is flow optimised using CFD simulations and
has an internal lattice structure on the gas side. This paper starts with a brief overview of
conventional HXs and potentials offered by AM of HXs. The developed HX is shown and
the results of the CFD simulations of both the liquid side flow and a reference element
of the gas side structures are presented. Finally, an LBPF printed simplified demonstrator
HX is presented.

2 Conventionally and Additively Manufactured Heat Exchanger

Depending on the application, HXs are designed to optimise the heat transfer and keep
the pressure loss as low as possible while using available semi-finished products. In the
following section, conventional designs are shown and relevant resulting problems will
be explained. Potentials of improving heat transfer by AM will be shown and current
researches is presented. A special focus will be on the use of lattice structures, which is
a new method of increasing the surface for heat transfer, while being very gradable and
adaptable.



Design of a Thermo-Hydraulically Optimised Heat Exchanger ... 131

2.1 Conventional Heat Exchangers and Difficulties

Inside a HX, a hot and a cold fluid, separated by a wall, pass each other in co-current,
counter-current or cross-current flow, while heat is transferred from the hot to the cold
fluid. These fluids can be gases or liquids, which can also condense or evaporate on
their way through the apparatus. Conventional designs of HXs are strongly determined
by the semi-finished products available. Tubes and plates are cut, corrugated or pro-
cessed in other ways and afterwards screwed, welded or soldered together. Figure 1 shows
the common types of conventional HXs, mainly categorized by the use of semi-finished
products.

A common type of HX is the shell-and-tube HX, shown schematically in Fig. 2. It
consists of a tube bundle with distributor and collector headers in which a fluid flows.
The bundle is located in a cylindrical Shell. Another fluid flows in the space around and
between the tubes. If the surface area outside a tube bundle should to be increased, fins

Classification according to construction
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Fig.2 Structure of a shell-and-tube HX acc. to [13]
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Fig.3 Fined tubes in a HX

for instance can be attached to the tubes, as can be seen in Fig. 3. Other widely used HXs
are plate HXs, in which the two fluids flow in the gaps between corrugated plates [12].

The most common problem in designing HXs is to achieve the required thermal perfor-
mance while not exceeding a given pressure drop and, especially for mobile applications,
minimizing the weight and size of the apparatus. Another difficulty is the design for
a specific operating point which can result in poorly calculable behavior for instance
in the partial load operation of a system [12]. Furthermore, the correct distribution of
the fluids over the entire available flow cross-section is another problem and should
always be ensured for the apparatus to work efficiently. Investigations repeatedly show
the occurrence of maldistributions, as investigated and described in [3, 3].

2.2 Potentials of Additive Manufactured Heat Exchangers

AM of HXs and HX components by LPBF offers new possibilities. Flow guidance and
structures are mainly free selectable, considering the design guidelines of AM using
LPBF, described for example in [10, 14, 15]. These new degrees of freedom enable new
approaches to solve or reduce the difficulties described at the end of the last section.
Entirely new types of HXs could be developed, especially in the field of compact high-
performance devices. In [6], for instance, a compact, CFD-optimised cooler for use by
the Formular Student is presented.

In [9] many different basic geometries of inner flow guidance for AM HX are shown,
visible on Fig. 4, as well as inlet and outlet geometries for example based on biometric
structures. It provides a large set of those and design tools and approaches are given.

The use of complex, three-dimensional structures in HXs also represents a new
approach. This includes a wide variety of lattice structures or surface functions, such
as gyroids. In [5] additively manufactured HXs derived from conventional plate HXs are
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Fig.5 Additively Manufactured HX with gyroid structure [5]

developed using such surface functions, which can be seen for example in Fig. 5. In the
following section, the use of lattice structures to improve heat transfer is discussed in
more detail.

Use of lattice structures for enhanced heat transfer

Wire meshes and foam structures have been used in conventional HXs for decades, even
without AM. By increasing turbulence and surface area, heat transfer can be improved
[16, 17]. Figure 6 shows Wire Mesh Inserts for shell and tube HXs tubes.

In conventional HXs these are retrofitted structures and therefore have limited thermal
contact with the tube walls, which is disadvantageous regarding the thermal resistance.
The use of such structures can also be applied and even used more efficiently by AM. On
one hand, good thermal contact between the structure and other heat-conducting compo-
nents of the HX is ensured, since the structure and other parts of the HX are the same
component, on the other hand, the geometry, thickness and grading of the structure can
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Fig.6 hiTRAN® thermal
systems technology, courtesy
of CALGAVIN LTD

be selected almost free and optimised for special applications. Local change of structure,
for example along the flow path, is possible to adapt to a change of fluid properties, for
example in two phase flow. Ho et al. [7, 8] have already used various lattice structures
consisting of polyhedrons instead of fins on the gas side of HXs, which resulted in an
noticeable improvement of heat transfer. Compared to a fin-tube HX the lattice HX had
a 2 times higher heat transfer coefficient.

3 Case Example: Design of a Gas Cooler for LPBF-Printing

Different approaches to use additive manufacturing for the improvement of HXs are
presented in the previous section. Traditional designs of heat exchangers are often manu-
factured additively in modified form, for instance done in [5]. The aim for this case study
is to use as many improvements offered by AM as possible to develop a new apparatus
concept, which is not derived from any classical HX type. It describes the development of
an additively manufactured gas cooler, which could, for instance, be used as an intercooler
or for exhaust gases heat recovery. The water side of the HX is flow optimised regarding
to pressure drop and distribution and is in its principle similar to the basic helical geome-
tries presented in [9]. A conventional tube bundle HX serves as a reference component for
the liquid side for CFD simulations. The gas side is filled with internal lattice structures
to increase surface area and turbulence, which is also done in [7, 8]. The basic conceptual
design of the apparatus as well as the improvements of heat transfer and pressure drop
by using flow optimisation and lattice structures are discussed. CFD simulations are per-
formed using the software Ansys Fluent (2021 RI). At the end of the section, the AM of
test geometries is described. The design restrictions for LPBF, as given in [10, 14, 15],
were take into account, but are no further thematised.
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3.1 Design Consideration for the Designed Heat Exchanger

In the following section, considerations, which were taken into account for the HX design
are shown. The design is funded on known basics for aerodynamic design and the use
of lattice structures in HXs. Prior to this section, it should be mentioned that both heat
transfer and pressure loss or flow resistance typically increase with increasing turbulence
of a flow, which can be seen in a large number of correlations, in [18] for instance.
Following this logic, if considered uniformly for the whole apparatus, optimising the
flow and reducing the pressure loss leads to a decrease in heat transfer. However, this
conclusion is no longer straightforward if a closer look at the apparatus is taken. There
are two reasons for this. Firstly, because heat transfer does not take place in all areas of
the HX. If kinetic energy dissipates due to turbulence or frictional pressure losses in the
collector and distributor areas, avoidable entropy generation occurs. Secondly, as already
mentioned, a maldistribution can worsen the thermal performance of the apparatus. The
goal therefore is to distribute the flow as smoothly and homogeneously as possible in the
apparatus for the design point and partial load. It is important to generate the required
turbulence, as well as the needed surface area, in the parts involved in the heat transfer,
in this case by using lattice structures.

Flow-optimised Geometry and Flow Guidance

Flow-optimised geometries has already been a subject of intense research, for example in
the aerodynamic optimisation of cars and aeroplanes [19]. The flow resistance of different
body profiles depends on the direction of the flow and the shape of the body, as can be
seen in the very generic Fig. 7. It is obvious that blunt edges, high cross-sectional changes
and plates placed vertically in the flow cause high flow resistances and lead to turbulent
stalls [20]. It is therefore advisable to avoid these structures and better use uniform flow

:*/\’ o

Fig.7 Streamlines around profiles acc. to [20]
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paths and continuous, slow cross-sectional changes, especially in the areas of collector
and distributor section.

To evenly distribute the fluid in the HX, intelligent flow guidance can be designed,
which should be more suitable than, for example, a vertical plate in the distributor and
collector area of a conventional shell-and-tube HX. For this HX the undisturbed pipe
flow, which should be circumferential symmetric at all flowrates, is already divided into
the different channels. The distribution should therefore be even regarding the flowrate of
each channel. In the collector area of the HX, the requirements are less complex; the flow
should be guided out of the apparatus with as little loss of momentum as possible.

Use of Lattice Structures for Enhanced Heat Transfer

For the designed HX, the heat transfer should be enhanced further with a permissible
increase in pressure loss, this can be achieved without increasing the volume of the appara-
tus. This is possible by adding an internal lattice structure to the HX. Generally individual
lattice structures that can be adapted and graded in terms of geometry, mesh size and beam
diameter are made possible by AM. Local properties can be adjusted to optimize the heat
transfer for changing conditions along the apparatus. Due to the significantly lower heat
transfer and pressure loss in gases compared to liquids, in this HX, the use of an internal
structure is done for the gas side. The internal structures should be simulated and iter-
ated for smaller reference elements using CFD simulations to estimating heat transfer and
pressure loss, because a simulation of the whole, structured HX is not possible.

3.2 Conceptual Design of the Heat Exchanger

The size of the HX is determined by the available LPBF printers, an EOS M280 and an
Aconity Midi+ with an Aerosint Recoater. The outer contour of the HX is a cylindrical
body with a diameter of 93 mm and a length of 223 mm. Inside this cylinder, eight
separate channels of a width of mainly 6 mm and a height of 43.5 mm are placed in a
helical shape, in which the cooling water is flowing. The geometries used will be discussed
in detail in the following section. The gas will flow in the space around these channels,
which will be filled with a lattice structure. The HX can be operated in counterflow as
well as cocurrent flow. The connecting pipes of the HX have an inner diameter of 30 mm.
Figure 8 shows the transparent apparatus without the internal structure.

The HX should first be made of stainless steel, 1.4404. In order to estimate of the
thermal performance, an inflow velocity of the hot gas (Air) of 18 m/s is assumed at a
temperature of 400 °C, which is cooled down to 100 °C. For this case, a thermal power of
about 2 kW can be assumed. In order to achieve a uniform flow with the lowest possible
pressure drop, the given design recommendations described were used. The transitions
between the 30 mm inlet tube to the full cross-section and the tapering to 30 mm at
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Fig.8 Transparent HX (without structure on the gas side)

the outlet are continuous and without edges. The symmetrical pipe flow at the inlet is
separated into the eight equivalent channels. Both are shown in Fig. 9.

The liquid distribution is aided by the helical type structure, since a distribution from
the inside to the outside takes place due to the rotational movement resulting in a cen-
trifugal force. Figure 10 shows the flow space of the liquid side of the flow-optimised

Fig.9 Inlet area of the liquid (left) and view into the inlet tube with flow dividing ribs (right)
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Fig.10 Liquid flow volumes of the optimised HX (left) and the conventional tube bundle (right)

HX and a conventional tube bundle of the same size. In the following section, the flow
through the AM HX and the tube bundle is simulated.

CFD Simulation of Flow and Pressure Loss

In order to determine the flow distribution and pressure loss of the geometries, an adiabatic
simulation of the liquid side of the AM HX is created and compared with the tube bundle,
which has the same surface area and outer geometry. Since the heat transfer on the water
side is very likely sufficient to transfer the expected thermal power and the water heats up
by less than 0.5 K at an inflow velocity of 2 m/s, an adiabatic simulation is permissible.
The meshing of the fluid volumes of the AM HX and the reference tube bundle are
generated with the settings listed in Table 1. Inflation layers were created in the areas
close to the wall in order to properly represent the boundary layers. A partially cut through
the meshing is shown in Fig. 11.

Table 1 Meshing settings liquid side

Element size (mm) | Largest element | Nodes AM HX | Nodes tube bundle
size (mm)

Standart meshing | 0.6 3 6,467,165 4,528,150
Fine meshing 0.4 2 11,124,310 10,573,640
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Fig.11 Section through the mesh in a channel

The simulation is performed for an inflow velocity of 2 m/s of water at 20 °C. The
k-omega-SST turbulence model was used. An investigation if the results are independent
of the mesh sizing has taken place and can be confirmed. Since the continuity residuals
did not converge sufficiently, transient simulations were also performed for both HXs to
investigate whether there was a relevant time-dependent change in the viewed quantities,
which can be negated.

For the steady-state simulations, the pressure losses and flow velocities listed in Table
2 were obtained. The optimised new geometry has a slightly lower pressure drop and a
59% higher average flow velocity, which should increase the heat transfer.

In addition to the pressure drop and the average flow velocity, the fluid distribution
in the apparatus must also be investigated. This is done visually along and across the
flow for both geometries. As seen in the plot of velocity magnitudes along the flow,
Fig. 12, the fluid in the optimised HX is already well distributed after about 1/4 of the
way through the channels. The uniform distribution is also visible in the middle cross-
section of the apparatus, shown in Fig. 13 on the left. It is to be expected that also for
partial loads the distribution of the total mass flux will be more or less equal. For the

Table 2 Pressure loss and

. Pressure loss (Pa) | Mean flow velocity
mean flow velocity

(m/s)
Conventional tube | 3457 0.76
bundle
AM heat exchanger | 2935 1.21

—15% +59%
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Fig.12 Longitudinal section of the AM HX and the tube bundle

reference tube bundle, on the other hand, the maldistribution is clearly visible both in the
section lengthwise through the apparatus and the cross-section. The flow velocity in the
central tube rows is significantly higher and drops rapidly towards the outside.

3.3 Construction and Simulation of the Lattice Structure

The optimised HX described in the two previous sections should be filled with a lattice
structure on the gas side. The improvement of the heat transfer through lattice structures
is to be verified by a prior investigation. For this purpose, CFD simulations of a reference
element with different beam thicknesses will be carried out.
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Fig.13 Flow velocity in the middle flow cross-section

CFD Simulation of Heat Transfer and Flow of the Lattice Structure

This simulation should demonstrate the basic effect of the internal structures and deter-
mine a mesh size and beam thickness, which is generally suitable for the HX’s targeted
power of about 2 kW. The pressure loss should not become unacceptably high, a value of
less than 5000 Pa is aimed for. The simulation is carried out for a 50 mm long reference
element with a diameter of 25 mm, which is placed in a 100 mm long pipe section. The
smooth 25 mm areas in front of and behind the structure serve as the inlet and outlet
areas of the flow. Figure 14 shows a cut through the 3D model of a structure created for
the simulation.

To generate the 3D models used in the simulation, the CAD Software tool Creo Para-
metric is used. Since polyhedron structures will be choosen in the HX, which are also
used by Ho et al. [7, 8], the truncated octahedron element available in Creo is used for
the simulation. Beam thicknesses of 1, 1.5 and 2 mm are simulated for a mesh size of

Fig. 14 Halved 3D for the CFD simulation
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7 mm. The 7 mm mesh size was also studied in Hu et al. [8] for polyhedron structures
and could possibly be used as a reference later. The simulation is performed for air at an
inflow velocity of 5 m/s at 700 K. On the outside of the pipe, a convective heat transfer
is set to model the water side with an assumed heat transfer coefficient of 1200 W/(m?
K), which is set rather low and corresponds more to applications between free convection
and slow flowing water, and a water temperature of 300 K [18, 21]. Since the material
used for the first produced HX is to be stainless steel 1.4404, the thermal conductiv-
ity is given as 15 W/(m K) [22]. The air density is approximated as an ideal gas and
other data is linearly interpolated between 300 and 700 K. The k-omega-SST turbulence
model was used, but the influence of different models used has to be further elaborated.
An investigation of the dependence of the results of the mesh sizing as well as occur-
ring unsteady phenomena was checked and not observed. Inflation layers are generated
to improve the near-wall boundary layers. Table 3 lists the meshing settings and Fig. 15
shows a longitudinal section through the meshing.

Figure 16 shows the temperature distribution in longitudinal section through the sim-
ulated structures. In Table 4 and Fig. 17, the heat flows and pressure losses are plotted.
According to the results, significant improvement in heat transfer can be achieved by
introducing an internal structure. Even for a beam diameter of 1 mm on half the tube
length, the transferred heat increases by 4187% without increasing the construction vol-
ume in any kind. It also results in an increase of pressure loss from 2 to 93 Pa, which

Table:f Meshing settings of Element size Largest element | Nodes
the lattice structure .
(mm) size (mm)
Standart 1 2 4,252,556
meshing
Fine 0.7 1.4 4,387,726
meshing

Fig.15 Section through the meshing of a lattice structure
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Fig.16 Simulated temperature distribution in the structured and unstructured tubes

Table 4 Pressure loss and
heat transfer of the simulated
structures

Heat flow (W) Pressure loss (Pa)

Unstructured tube 87 2
1 mm 250 93
1.5 mm 319 227

2 mm 373 655
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Fig.17 Pressure loss and heat transfer of the simulated structures

is still a small value for most applications. If the beams are thickened further to 1.5 mm
and 2 mm, the heat transfer improves by +266% and +328% respectively, whereby the
pressure loss more than doubles and even increases sevenfold compared to the 1 mm
structure.

The simulation can prove the volume-related efficiency using lattice structures. Con-
sidering this limited parameter study for the use of a polyhedron structure on the gas side
of the HX, a beam thickness between 1 mm and 1.5 mm is reasonable for the mesh size
of 7 mm. For 2 mm beam thickness the gain in thermal performance in relation to the
increase of pressure loss is no longer within a reasonable range.

Generation of the Lattice Structure on the Gas Side of the HX

The lattice structure on the gas side of the HX is created using the software for additive
manufacturing Netfabb, as this software is suitable for inserting it into complex internal
shape of the HX. A polyhedron structure of the simulated mesh size is used. The gas
side is a fully filled geometry in the CAD-model and is hollowed out. It has a wall
thickness of 1.5 mm and is filled with an icosahedron-shaped polyhedron structure of a
mesh size of 7 mm. In the distributor and collector areas, where the structure’s function
is less to enhance heat transfer and more to support the print and distribute the flow, the
beam thickness is chosen to be 1 mm. In the heat exchanging areas between the water-
filled channels, the thickness is set to 1.5 mm. Regarding the total pressure loss and heat
transfer, it can be estimated with sufficient accuracy using the simulation results, that the
concept apparatus pressure loss will be less than 5000 Pa and a thermal output of at least
2 kW will be maintained. A more precise estimation and measurement of these values will
be necessary. Figure 18 shows a longitudinal section through the completely constructed
HX.
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Fig.18 Complete AM heat exchanger with inner lattice structure

3.4  Additive Manufacturing

Manufacturing of the entire HX has not yet taken place at this time. Printing on an LPBF
printer made of 1.4404 is to be carried out. Smaller devices with and without internal
structure were already printed. These devices are the ones shown in Fig. 19 as a 3D
model.

They will be characterized experimentally in the future to validate the CFD simulations
of the internal structures. Figure 20 (a) shows a complete apparatus printed in 1.2709
without internal structure, (b) a partially printed apparatus with internal structure and (c)
a single cell of the structure.

Fig.19 HX with and without internal lattice structure
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(b)

Fig.20 LBPF-printed sample components made of 1.2709

4 Conclusion

This paper presents the development of a novel thermo-hydraulically optimised HX for
LPBF printing. As a concept apparatus a gas cooler was developed. Design consideration
for the flow optimised geometry and the use of lattice structures in additive manufactured
HXs are shown. On the liquid side, CFD simulations showed an increase in flow velocity
in the cross-section of 59% while a 15% reduction in pressure drop occurred compared
to a conventional tube bundle of the same construction size. On the gas side, the appa-
ratus was filled with lattice structure. A CFD simulation of a smaller reference element
highlighted an enhancement in heat transfer by the use of lattice structures. In a limited
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parameter study, the use of polyhedron structure with beam thicknesses of 1 mm on half
a tubes length already increased the heat transfer by 187% compared to a plain tube.
Smaller internally structured HXs could already be printed. Overall, the high potential in
AM of HXs mentioned at the beginning could be demonstrated again and was developed
further.

The first printing of the designed HX made of 1.4404 is targeted for the near future.
Heat transfer and pressure drop should be characterized by measurements. In the progress
of this project, some described procedures must be further elaborated, especially a general
methodical approach for additively manufactured HXs should be developed. The simula-
tions must be validated experimentally and refined regarding to exactly fitting boundary
conditions. For the lattice structures, the validation shall be done by measuring different
structures in the coaxial tube HX. Extensive investigations of heat transfer and pressure
drop in lattice structures will be carried out by simulations as well as by experiments.
This way it should be possible to provide additively manufactured HXs with application-
optimised internal structures in the future with optimised geometry, mesh and beam size
as well as material with possible local property adjustments.
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Systematic Investigations Concerning Eddy
Currents in Additively Manufactured
Structures
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Abstract

Based on layer-by-layer component generation, AM offers immense freedom in terms
of design and material capabilities that cannot be achieved by conventional manufactur-
ing. AM also provides potential for guiding and influencing the electromagnetic flux.
The manufacturing process allows to realize a three-dimensional iron circuit design.
Air gaps or powder cavities can be specifically placed in components to minimize the
circulation paths of the induced voltage and thus the resulting eddy currents. In this
investigation, additively manufactured toroidal cores are tested on a self-developed
testing rig with regard to the resulting magnetization losses. For the toroidal cores, an
iron-silicon alloy (FeSi3%) is used under the Laser Beam Melting process (LBM). The
results provide a comparison of the specific power losses between solid and thin-walled
structures of the iron cross-section.
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1 Introduction

Additive Manufacturing (AM), which is mostly characterized by the layer-by-layer man-
ufacturing of components, offers many possibilities and advantages. In addition to the
elimination of product-specific tools and preparations, a wide variety of structures and
shapes can be manufactured. For these reasons, AM is increasingly coming into focus
in industry. Due to the increasing complexity and the increased requirements for new
products, its use becomes more necessary [1]. Therefore, different approaches to exploit
the benefits are currently being explored. One of them focuses the area of electromag-
netism. Here, eddy currents within additively manufactured toroidal cores are to be
reduced by suitable cross-sectional structures. Initial investigations showed promising
results. However, this topic needs to be investigated more in detail [2, 3].

Electromagnetic coils are often used in technical systems. They are always coupled
with a current and a resulting magnetic flux. If an electrically conductive material is
inserted into a time-varying magnetic field or is set in motion in a constant field, a current
arises as a result of the induced voltage [4, 5]. These currents are called eddy currents.
To reduce the eddy currents, it is necessary to divide the solid geometry of an iron circuit
into cross-sections that are as small as possible and electrically insulated from each other.
This is where conventional manufacturing processes reach their limits. AM processes,
on contrast, allow a three-dimensional cross-sectional division due to the given design
freedom. It is thus conceivable to minimize the circulation paths of the induced current
by changing the cross-section design.

In this investigation, different designs of AM cores are compared regarding their elec-
trical losses for the targeted reduction of eddy currents. The results are demonstrated on
basis of simple toroidal test specimens. These are manufactured using Laser Beam Melt-
ing (LBM). The primary aim of this investigation is the reduction of electrical losses that
occur as a result of eddy currents by developing suitable cross-sectional structures for
AM.

2 State of the Art
2.1 Eddy Currents

When an AC voltage is applied to a coil with an iron core, losses occur that are gener-
ally mapped to remagnetization losses. These are composed of eddy current, hysteresis,
excess and residual losses [6]. Since eddy current losses are of particular importance in
this investigation, they are described more in detail in the following. In general, eddy cur-
rents are electric currents that are spatially generated in electrically conductive materials
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as a result of a change in the magnetic field. Here, eddy currents have closed current
lines, similar to the magnetic field, which explains the concept of the vortex from the
field theory [7]. The law of induction is valid for all electrically conducting materials. For
example, if a metal plate is perpendicularly penetrated by an alternating magnetic field,
the law of induction states that a vortex field with field strength Ei is induced around
the magnetic field lines in the metal. Accordingly, the moving charges form a current
flow called an eddy current. Eddy currents occur when two fundamental conditions are
met. Firstly, they only form in electrically conductive materials. Secondly, eddy currents
can only be generated if a change in the magnetic flux density B is happening. There
are two possibilities for the required magnetic field change. Either the magnetic field is
a time-varying field generated by alternating current (rest induction) or the electrically
conducting material is moved relative to a constant magnetic field (motion induction).
Motion induction is mainly used in eddy current brakes. Here, eddy currents are an active
component required for the brake to work. However, this is not the case in most electrical
engineering applications. In the present case, eddy currents are undesirable side effects
that should be reduced. Affected are transformers as well as AC or DC machines, where
eddy currents reduce the efficiency. In a transformer, eddy currents are formed in the iron
core due to the time-varying magnetic flux with undesirable heat losses. To keep these
losses as low as possible, the electrical resistance of the iron core in the current paths
should be as high as possible. This is currently achieved by interrupting the current paths
of the eddy current with insulating intermediate layers. To achieve this, the iron core is
replaced with 0.1-0.3 mm thick iron sheets, which have an insulation of lacquer on one
side. Furthermore, it is possible to hinder eddy currents by using powder core material or
ferrites as iron core material. Ferrites are electrically non-conductive ferromagnetic mate-
rials, while powder core materials are, for example, iron powder embedded in synthetic
resin with high specific electrical resistance. Eddy currents are self-contained electric cur-
rents, which is why they also form a magnetic field equal to that of a current-carrying
conductor. This can be described very well by the skin effect [7], which is an effect of
field displacement in the magnetic conductor. It describes the inhomogeneous current den-
sity distribution in a conductor, which is generated by alternating current flowing in the
conductor itself. The current is displaced to the surface of the conductor and flows through
a thin layer, while the interior of the conductor remains current-free. This is especially
the case in the high-frequency range [8].
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3 Derivation of Suitable Geometric Structures for Eddy Current
Reduction

3.1 Purpose of the Investigation

The aim is to develop suitable cross-sectional AM-structures to reduce eddy currents in
iron circuits—similar to conventionally laminated components. By combining the advan-
tages of AM, such as functional integration and lightweight construction potential, new
concepts for electric motors could be developed using freely designable stators. This
would enable a stator design which allows to integrate housing functions such as cooling
structures, bearing- and screw connection points in order to reduce the number of com-
ponents and thus the total weight of the motor. Since, according to Adam [9], certain
manufacturing restrictions have to be considered in the LBM process, at first fundamental
investigations are necessary with regard to relevant design measures for reducing eddy
currents, which should demonstrate the feasibility of the project.

Further on, experimental investigations are planned to determine the influences with
regard to eddy current losses. The test rig setup is based on DIN EN 60404-6 [10],
which describes the methods for recording magnetic properties in an alternating field on
a toroidal test specimen.

3.2 Methodical Implementation

The step-by-step procedure of the method to derive suitable structures is presented below.
Step 1: Determination of target values:

The aim is the generation and investigation of geometrical structures, which cause influ-
ences on the magnetic properties, especially the eddy currents. Therefore, in addition to
the hysteresis curves, the resulting specific power losses are defined as target values of
the investigations.

Step 2: Identification of factors affecting remagnetization:

To understand which factors can be changed to reduce remagnetization losses in additively
manufactured structures, it is first necessary to consider the associated physical laws. As
mentioned, the remagnetization losses can be divide in hysteresis, eddy current and the
excess or residual losses. The hysteresis losses can be described by

4. Hc

Dhyst ~ kg - “ Bmax - f (1)
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These losses result from the work necessary to shift the Weiss domains [11, 12]. The
loss component is proportional to the area of the hysteresis loop in the B-H diagram.
Thus, these losses depend essentially on the material and the maximum induction.

The eddy current losses, which are caused by eddy currents in the iron core or in the
sheet edges of a laminated core, can be calculated directly from the material data and the
geometry using the approach of the classical Maxwell equation.

2 2
o= T B @
6-p

In addition to the electrical conductivity and the maximum induction, the eddy current
losses are also dependent on the conventionally used sheet thickness of the iron circuit.
Thus, a geometric factor is given, which can be changed constructively in an additively
manufactured component. This formula is designed according to Maxwell’s equation for
iron circles with current flowing through them parallel to the direction of the sheet metal.
This approach does not consider the current displacement that occurs, since conventionally

the sheet thicknesses are usually so small that the effect is negligible. In the case that

f d

e Tt 70 3)

is exceeded, the current displacement effect must also be considered. Since the eddy
current losses are caused by induction currents in the coil core, the electrical conductivity
of the material and the sheet thickness are decisive. For additive components, this means
that the current displacement effect must be considered with increasing frequency, since
manufacturing sheet thicknesses below 0.3 mm are currently not producible using the
LBM process. As a result, at high frequencies only the structures on the surface are
relevant for the eddy current losses. The excess loss was first described by Bertotti [11]
and can be attributed to the magnetic domain structure of the material with sliding Bloch
walls. Since the Bloch walls cannot be displaced without resistance during magnetization,
additional energy is required. This loss fraction depends a lot on the microscopic structure
and the distribution of the magnetizable domains in the material.

Cc
Pese = Buig [ @)

The last loss fraction covers the time lag of the induction behind a preceding field
change. At high flux densities, this loss component is quite small compared to the three
components described above, so it is neglected in the following.

Thus, the eddy current losses are the only ones that can be reduced by design adjust-
ments. All other effects depend on the material and are not considered in this context.
Nevertheless, AM offers the possibility of processing materials that cannot be processed
using conventional methods. In addition, a distinction must be made as to whether a
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change in the entire cross-sectional structure is necessary or whether only an adaptation
in the outer edge areas is sufficient [6, 11].

Legend:

Dw: Eddy current losses p: Density

o: Electrical conductivity of the sheet Bpax: Max. flux density

f: Frequency d: Sheet thickness

Physr:  Hysteresis losses ky: A form factor near 1
Hc: Coercivity C: A material-specific value
Dexc: Excess losses

Step 3: Selection of relevant influencing factors from a geometric point of view:

Subsequently, the most important geometric influencing factors are selected. Within this
investigation, only the change of an entire cross-sectional structure is considered. The
possibility of changing only partial areas of a specimen in order to consider border areas
or core areas separately is not considered in this study.

Step 4: Definition of subfunctions for selected influencing factor:

Subfunctions are defined for the selected factor to be able to investigate the sensitivity of
individual design parameters of the factor. The idea regarding this classification was to
find design parameters which can be varied in investigations in order to find an optimum
concerning loss reduction. A decisive point of view was to divide the cross-sections into
smallest possible segments in order to reduce the circulating paths of the eddy currents
and thus to reduce the losses. These segments must also be fixed to each other in order to
realize a single component. Which medium is located between the solid structures has an
additional influence on how the eddy currents can propagate in the overall system. So, the
overall function “Reduction of eddy current losses by changing cross-section structures”
resulted in the three sub-functions “dividing cross-sections”, “fixing cross-sections to each
other” and “electrically insulating cross-sections to each other”. The functional hierarchy
derived from this is shown in Fig. 1.

As can be seen, different possibilities exist for dividing the iron cross-section into
several smaller structures. Further on, it is possible to divide it into thin-walled structures
or to fill them with unit cells. It is also conceivable to divide the cross-section with varying
geometry and arrangement as presented in Fig. 2. The counterpart of this variant is the
insertion of cavities with varying geometry and arrangement.

The sub-function “fixing cross-sections to each other” can be broken down into three
relevant sub-functions. In the first step, a fixation element must be selected to fix the
previously divided cross-section structures to each other. Then, the positions where the
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Fig.1 Functional hierarchy of the cross-sectional structures for the toroidal test specimens
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individual cross-sections are to be fixed must be determined. Finally, it must be deter-
mined how often and in which arrangement this fixation is to be distributed over the
entire toroidal circumference.

The last sub-function “electrically insulating cross-sections” results from the selected
cross-section and its connecting element. Due to the structural design, it is possible to
design areas with powder cavities or with air gaps. In the case of air gaps, filling with
an insulating resin would be possible in the post-process, which would also mechanically
reinforce the structure.

Figure 2 shows examples of geometric solutions for the above-mentioned subfunc-
tions. As shown, the cross-sections can be divided into four different structures and
arrangements. There are several solutions for each cross-section division. On the one
hand, the toroidal cross-section can be divided into thin-walled structures, which can be
arranged vertically or horizontally. On the other hand, the division of the cross-section
with varying geometry and arrangement is possible. For example, the cross-section can be
divided squarely and arranged symmetrically. In addition, cavities can be integrated into
the cross-section. Hereby varying geometries and arrangements (e.g. square-symmetrical,
square-offset) can be realized as well. Furthermore, it is conceivable to divide the
cross-section into unit cells.

Step 5: Design and classification of test specimens:

The dimensions of the toroidal test specimens that are used for the experimental
investigations are based on DIN EN IEC 60404-6 and are shown in Fig. 3.

After evaluating the geometry of the individual subfunctions, the most promising
results can be combined to form active structures which ultimately define the shape of
the toroidal cross-sections. For this purpose, combinations of the three subfunctions from
Fig. 1 are formed. The procedure is explained by means of an example shown in Fig. 4.

In the first step, one of the cross-section divisions is selected. In the example, this
is the division “Thin-walled structure in vertical direction”. Then, for the sub-function

A-A

Ih=5mm

Fig.3 Geometric envelope dimension of the toroidal test specimens to be examined
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Vertical Simple Positioning on Continuous
thin-walled orthogonal the outside of the  over ring Test specimen
division connection cross section  circumference

+H+;l+ —v.

Fig.4 Procedure for the creation of an active structure

“fixing cross-sections to each other”, a suitable geometry must be selected for each sub-
function. As shown in Fig. 4, the single-sided, simple orthogonal bar fixation is selected
as the fixing principle, which follows the entire circumference of the toroidal. As a result,
the illustrated toroidal cross-section is obtained, which will be designated in the further
course with the number 1.1.1. For the sub-function “electrically insulating cross-sections
to each other”, air is used due to the design, since no external material is added in the post-
process. This procedure can be performed for a variety of other cross-section divisions,
connectors, and isolations. The cross-sections considered in this investigation are shown
in Fig. 5.

Step 6: Definition of measurement method
The setup of the test rig used for the investigation of the toroidal specimens is shown in
Fig. 6. The main components of the test rig are:

Toroidal core: This is wound with a primary N1 winding and a secondary N2 winding
and has a square cross-section. The number of turns is 200 in each case.

Amplifier: The linear power amplifier BAA 1000 BEAK amplifies the introduced control
signal in such a way that a sinusoidal current signal with a form factor of 1.11 is output
at the terminal. In addition, the current signal is output in parallel via a monitor output
for data backup and progress display.

NI-cRIO: The system from National Instruments is used for recording as well as for ana-
log and digital output signals. In this case, the current waveform running in the primary
winding, the induced voltage in the secondary winding and alternatively the capaci-
tor voltage are recorded. The simultaneous recording of all measurement data must be
ensured.

PC: This is used for process control by specifying frequencies and current amplitudes.
Furthermore, the measurement data acquired via the cRIO system are displayed and saved.

The solid lines in the diagram indicate the currents and voltages which are conducted
from the amplifier to the coil in the primary circuit and to the voltage pickup module
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1. Thin-walled structures in vertical direction

111

bar fixation outside

11.2

bar fixation centered
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powder
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on both sides
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2. Square symmetric solids 3. Square symmetrical
cavities
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grid fixation continuous

rectangular cavities

v

powder

Fig.5 Considered active structures of this investigation

in the secondary circuit. The dashed lines represent the analog measurement signal lines.
The dotted lines indicate the digital communication between the cRIO system and the PC.

The measurement procedure is carried out in the following steps: First, a starting fre-
quency must be defined. As a rule, a frequency of 50 Hz is started with, since this is
usual for the measurement of conventional sheet metal, which is due to the frequency of
the main voltages [5]. Then the first measuring cycle starts. The current is automatically
increased until the starting value of the flux density at the secondary winding defined at
the beginning is reached. As a rule, this is started at 0.2 T (T). The current curve looks
as follows: According to the EN 60404-6 standard, a distinction can be made between
two forms of progression. In one case, a sinusoidal current is introduced into the pri-
mary winding, whereas in the second case, an adjusted signal waveform is introduced
into the primary winding, resulting in a sinusoidal voltage waveform at the output of
the secondary winding. Usually, the second case is preferred for comparability. However,
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Test rig consisting of:

» Toroidal specimen with primary and
secondary winding Ny, N,

+ Current impressed linear amplifier

+ PC and NI cRIO system for signal
generation and recording

(1]

L I + N,
Analog I/0 H= ‘r L | <= Magnetic field strength
v " m
1(¢), U(t)é if. 1 -
1 2 . .
PC B(t) = — A_N, . J;l u, (t)dt | <= Magnetic flux density

Fig.6 Test rig setup for the examination of the toroidal test specimens

this is coupled with a complex control which was neglected for the preliminary inves-
tigations of this method development. For the long-term goal, this has to be adapted to
allow a comparison with respect to conventional laminations. The voltage of the primary
coil adapts according to the impedance. The voltage of the secondary coil as well as the
voltage and current of the primary coil are saved for a few periods by of the measur-
ing system. After saving data, the current is increased again until the next defined value
of the flux density is reached. Depending on how accurate the commutation curve is to
be, jumps in flux density of 0.05-0.2 T are usually selected. This process is repeated
steadily up to the flux density of 1.5 T. The measurement cycles are then repeated for
further frequencies. Usually, the first cycle is followed by the frequency of 100 Hz and
is then steadily increased by 100 Hz. As the frequency increases, the remagnetization
losses increase, leading to increasing current amplitudes. These reach their maximum at
a certain frequency. Accordingly, the current to be introduced is the limiting factor within
this measurement.

3.3 Experimental Investigation

The measurement was performed for each of the toroidal test specimens (Fig. 5) and a
solid toroid at the flux densities from 0.2 to 1.5 T and frequencies of 50, 100, 200 and
300 Hz. In the context of this investigation, the hysteresis curves and the iron losses over
the different frequencies are of primary importance. It is usual to state the specific power
loss Py gpec in W/kg [5].
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Wy, - f
Pv,spez = % (5)

Legend:
Py spez: Specific power loss p: Density

Wy spez:  Specific loss energy  f: frequency

The massive toroidal test specimen is used as a starting point. For this purpose, the
hysteresis curve at the power frequency of 50 Hz and a flux density of 1.5 T as well as the
specific power loss over the frequencies 50, 100, 200 and 300 Hz are described. Figure 7
shows the hysteresis curve of the solid toroidal core, which was additively manufactured
from an iron-silicon alloy.

The flux density B in Tesla is plotted on the abscissa and the field strength H in
amperes per meter on the ordinate. It can be seen that the solid toroidal core has not yet
reached saturation at a flux density of 1.5 T. This is evident from the fact that the curve
flattens out with increasing flux density, but is not yet parallel to the ordinate, which would
indicate saturation. In addition, the hysteresis curve of the solid toroidal test specimen is
very broad, as expected, and thus exhibits high coercive field strengths, which can be
attributed to the remagnetization losses. The conversion of the loss energy to the specific
power loss allows to compare the specimens with regard to different densities. Figure 8
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Fig.7 Hysteresis curve of a FeSi3% toroidal core with solid cross-section
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Fig.8 Specific power loss of a FeSi3% toroidal core with solid cross-section

shows the curve of the specific power loss in relation to the remagnetization frequencies
for the solid toroidal test specimen.

The frequency in Hertz (Hz) is plotted on the abscissa and the specific power loss
in watts per kilogram on the ordinate. The specific power dissipation is plotted for the
frequencies 50, 100, 200 and 300 Hz at the magnetic flux density of 1.5 T. The specific
power loss is about 60 W/kg at a frequency of 50 Hz and 1180 W/kg at a frequency of
300 Hz.

Figure 9 shows hysteresis curves of the toroidal test specimens with the vertical thin-
walled structure from Fig. 5. The hysteresis curves are here described at the power
frequency of 50 Hz at a flux density of 1.5 T as well Similar to the solid specimen,
Fig. 10 shows the curves of the specific power loss versus the frequencies for the toroidal
test specimens with a thin-walled structure.

The hysteresis curve of the toroidal specimen 1.1.4 is significantly wider than those of
the other curves, where only a small difference can be seen. This indicates that in the outer
regions the eddy currents can propagate better in the relatively massive structures than in
those where the fixation is distributed differently across the cross-section. In addition,
there is the powder used as insulation in this test specimen. What is noticeable is that
a significantly higher magnetic field strength is required to achieve a value of 1.5 T.
However, this is related to the lower iron fill factor, since there is significantly less iron
material for the same cross-section due to the introduced cross-sectional structures. The
corresponding specific power losses are shown in Fig. 10.

This also confirms the assumptions that were indicated by the hysteresis curves. The
toroidal specimen 1.1.4, which has a closed envelope and therefore uses the non-melted
powder as insulation, exhibits the highest power dissipation with about 650 W/kg. Despite
this, the power dissipation was reduced by almost 45% compared to the solid specimen.
This is followed by specimen 1.1.5 with a specific power loss of almost 300 W/kg. The
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Fig.10 Specific power loss of toroidal cores with thin-walled structures and different fixation

three other toroidal cores from this group show similarly specific power losses of about
105 to 165 W/kg.

Furthermore, the hysteresis curves were recorded for all test specimens listed in Fig. 5
and the respective specific power losses were evaluated. In addition to the values of the
specific power losses, the iron filling factors of the respective test specimens are also
summarized in Table 1.

The values in the table clearly show that the thin-walled structures present the lowest
specific power losses. Only test specimen 1.1.4, which has powder inclusions, deviates



Systematic Investigations Concerning Eddy Currents ... 163

Table 1 Evaluated results of specific power losses and iron fill factors from the experimental inves-
tigations for the generated toroidal specimens

Toroidal core Toroidal core number |f (Hz) | Py spec (W/kg) | Iron filling factor (%)
grouping
1.1.1 300 165.53 81
Thin-walled 1.1.2 300 128.86 85.5
Structure with bar 1.1.3 300 103.67 79
Fixation 1.1.4 300 648.96 84
1.1.5 300 299.23 78
Thin-walled 1.2.1 300 202.47 82
Structure with point | 1.2.2 300 121.55 75
Fixation 1.3.1 300 161.88 81
Square symmetrical |2.1.1 300 545.59 88
arrangements 2.1.2 300 | 364.85 87
22.1 300 211.02 63
3.1 300 674.72 84

significantly from the average value. In this context it is also evident that all the test spec-
imens with powder inclusions—which should act as insulation—have significantly higher
specific power losses than the test specimens with air gaps. In this case, these are the
test specimens 1.1.4, 2.1.1 and 3.1. A clear demarcation between the bar fixations and the
point fixations for the thin-walled structures could not be observed. The fixation by lattice
structures was classified as point fixation, since the fixation from the lattice structures to
the walls is point-like. Test specimen 1.1.3 exhibited the lowest power loss. However, the
iron filling factor of 79% was in the lower range. With regard to the iron filling factors,
it is also noticeable that the first three toroidal cores differ, although they have the same
values in the CAD file. On the one hand, this is due to the post-processing of the toroidal
test specimens. On the other hand, the test specimens 1.1.2 and 1.1.3 have significantly
more overhang areas that cannot be post-processed due to accessibility. In the overhang
areas, powder adhesion is increased, since the laser energy applied penetrates deeper than
just one-layer thickness into the powder bed and thus partially melts the underlying pow-
der. In addition, certain powder residues can remain in the thin air gaps, which also leads
to certain fluctuations in the values. The highest iron filling factors were achieved with
the square-symmetrical arrangements. However, the greatest power losses are present in
these test specimens. Test specimen 1.1.2 was defined as the optimum structure in this
investigation. With a reduction of 89% of the specific power loss compared to the solid
specimen and a reduction of the iron filling factor of only 14.5%, the best compromise
was achieved.
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4 Conclusion and Outlook

The main task of this investigation was the development of suitable cross-sectional struc-
tures to reduce eddy currents in additively manufactured toroidal cores by suitable design
measures. Twelve toroidal test specimens were generated, which were derived using the
elaborate procedure. They were manufactured using the LBM process. After the post-
processing, hysteresis curves were recorded for the toroidal test specimens in order to
quantify the magnetic characteristics with respect to eddy current losses. The results were
described, evaluated and interpreted, resulting in a summary of the following findings.

Dividing the cross-section into vertical thin-walled structures proved to be most useful
in this investigation. This type of cross-section division offers many different fixation pos-
sibilities for the individual cross-sections, allowing to obtain air as an insulating medium
between the cross-sections. The powder, which is not melted during the process, proved
to be unsuitable in this process with regard to the insulation. However, powder cavities
still brought certain loss reductions compared to solid structures. In addition to the high-
est savings potential in terms of eddy current losses, the toroidal cores with thin-walled
structures exhibited a high iron fill factor of min. 75%. Dividing the cross-section into
a square-symmetrical arrangement was only useful to a limited extent. Due to the many
contact points between the individual cross-sections and the many powder inclusions, the
specific power losses were relatively high compared to the thin-walled structures.

With the help of the developed approach, further structures are to be worked out and
examined. Since only one test specimen was manufactured and measured for each gen-
erated active structure in this investigation, it is necessary to increase the number for
subsequent investigations in order to cover a statistical certainty. Besides the investigation
of complete cross-sections, hybrid shapes of different materials as well as cross-sections
with solid core and surface structures are conceivable. In order to enable comparability
with industrially measured sheet metal materials, it is necessary to adapt the test rig or to
carry out the measurement on a system designed for this purpose.
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Abstract

Powder bed fusion (PBF) enables the manufacturing of complex structures. While part
consolidation is a widespread method of utilizing the design potentials of additive
manufacturing, new approaches in research suggest a systematic separation of parts.
Conclusively, separated parts must be joined after the manufacturing process. In this
paper, electroplating is proposed as a joining process for PBF fabricated components.
The joining by electroplating process is described and successfully used to join PBF
manufactured tension rods. The influence of the joining geometry on the buildup of
the joint is investigated. Furthermore, tensile strength and failure causes of the joined
specimens are determined. Tensile strength for nickel joined specimens is 127.4 MPa
and for copper joined specimens 83.2 MPa. Causes of failure are delamination in the
zinc layer and fracture of the base body. The tool-free character of the process holds
potential for joining complex geometries in PBF.
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1 Introduction

Additive manufacturing (AM) yields several advantages compared to conventional man-
ufacturing methods. These advantages come mainly from a great freedom in design and
the possibility of mass customization through tool-less and therefore cost effective pro-
duction of small quantities [7]. This results in a demand for individualized or lightweight
designed products, elevating the economic importance of AM in production today due to
this competitive factor. However, a broader application is lacking since only few industries
are using AM for the manufacturing of end products [30].

Efforts to increase the dissemination of AM made by industry and research include
the development of the AM processes through improvement of technical and economic
aspects. From a product development perspective the complete development of the design
potentials is another aspect. Research approaches in product development for additive
manufacturing address component consolidation [11, 19] or the use of agile development
methods [25]. More recent research approaches in Design for Additive Manufacturing
(DfAM) address systematic component separation to exploit manufacturing advantages
[24, 26, 27]. However, these approaches do not address a critical aspect: the subse-
quent joining of the components. In this paper, the general suitability of electroplating
for joining of additive manufactured components is investigated.

2 State of the Art

In this section, the state of the art in DfAM, in joining of additive manufactured parts with
a focus on powder bed fusion manufactured parts is discussed. In addition, the research
gap is presented.

2.1 Design for Additive Manufacturing

In order to fully use the design potentials for the available manufacturing systems the
product developer has to consider the possibilities and restrictions of the manufacturing
method used. The term Design for Manufacturing (DfM) describes a group of methods
to design according to these restrictions and possibilities. Due to its generative character
the potentials and limits of AM differ greatly from conventional processes [7]. Thus, the
set of DfM rules especially for AM is summarized in DfAM.

Research into DfAM has been growing in recent years. Some of the approaches
resulted in adaptions of design process models focusing on the design of products for
AM [12, 16]. In other approaches individual methods were developed. A distinction is
made between restrictive and opportunistic methods [17]. Opportunistic methods such as
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the Design Pattern Matrix [31] extend the solution space and help the designer to dis-
cover new solutions. Furthermore, to make full use of the potentials of AM not only
the design of individual parts should be looked upon. The architecture of a product, i.e.,
its physical and functional structure and the relations of the individual elements to each
other, should also be considered [13]. The possibility of part consolidation is one major
aspect of manipulation of the product architecture. By combining several individual parts
to one single one with a higher complexity, the manufacturing possibilities of AM can
be used to their full potential. A high degree of consolidation results in integral design
while low degrees correspond to differential design. Different methods for applying part
consolidation exist [11, 19].

However, from a cost perspective the optimal degree of consolidation for a part is
not necessarily the highest degree. Nie et al. [19] studied the relationship of manufactur-
ing costs to the degree of consolidation. While assembly costs decrease with increasing
degree of consolidation, material costs for support material and process costs increase.
The optimum is highly dependent on the geometry and the required part count [19]. This
leads to the assumption that in some cases component separation or part degradation is
appropriate. However, the separation of components to be manufactured additively has
been dealt with much less frequently than component consolidation in the past. Gener-
ally, these approaches only addressed the separation of parts that are too large for the
available build space [3, 20]. Other reasons for component separation include the reduc-
tion of the required support structure or the production of functional surfaces that would
otherwise be oriented in opposite directions in the building space [24]. In current studies,
Reichwein et al. [24, 26, 27] is investigating the systematic separation of components. A
procedure is presented in which a separation plane is automatically determined in order to
separate components to be manufactured additively with respect to various criteria. The
criteria include minimization of support structures and maximization of the utilization of
the available build space and thus maximization of the number of pieces that are manufac-
tured in a single process run [27]. In addition, a product model is presented which enables
an abstraction of the product components. Based on this abstraction, a consolidation and
the subsequential separation can be performed. This enables a reconstruction of the prod-
uct architecture with respect to functional and structural aspects [26]. In the course of this
semi-automatic component separation, a wide variety of separation geometries is created.
The articles provide at most superficial suggestions as to how the components are to be
joined after production.

2.2 Joining of Additive Manufactured Parts

Studies on joining of additively manufactured parts can be found in literature. Metal parts
made by powder bed fusion (PBF) are usually joined by welding. Common processes are
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laser beam welding (LBW), electron beam welding (EBW) and friction welding (FW),
especially friction stir welding (FSW).

Laser beam welding can be used to successfully join PBF parts made of different
metals or alloys or join additive manufactured parts with conventional manufactured parts.
However, post-processing is necessary to reduce the surface roughness in the welding
region as well as a higher energy input than with conventional laser beam welding [1,
29]. LBW of parts made of AlSilOMg lead to a reduced tensile strength with 262 MPa,
while tensile strength of parts made in one piece was at 441 MPa [1]. Tensile tests of
the welded joint between an additively manufactured component made of Ti6Al4V with
a wrought component made of the same material show that failure always occurs in the
wrought component. EBW can also be used to join PBF parts. However, tensile strength
is lower than LBW produced joints [28].

Friction welding is used to avoid solidification related problems like hot cracking. PBF
components made of AlSilOMg [8] and other materials can be joined by friction welding
or friction stir welding. However, the tensile strength is reduced while the ductility is
increased [9, 18, 22].

For non-PBF manufactured parts, mostly polymeric parts there are several studies on
joining these parts. Ramirez et al. [23] present a snap-fit joint directly manufactured on
the part. For fused filament fabricated parts the usage of adherents is viable [2]. However,
adequate preparation of the joining surfaces is required [6]. Kuklik et al. [15] studied the
usage of laser transmission welding. Pimentel et al. [21] examine the strength of threaded
connections by fabricating threads directly into the component, cutting them subsequently,
or inserting them as metal inserts.

23 Research Gap

Current research streams address the systematic separation of components for manufactur-
ing reasons, as described in Sect. 2.1. However, the separated components must ultimately
be joined to obtain the final product geometry. In literature, the suitability of different join-
ing options for additively manufactured components is investigated. For PBF, these are
mainly welding processes. However, the joining geometries investigated are very simple,
e.g., the contact surface between two plates or between two cylinders. The automatic
component separation from Reichwein et al. usually generates much more complex sepa-
ration geometries, which can also consist of several contact surfaces [24]. This can pose
a major challenge to tool guidance or to the accessibility of the joining zone in the first
place.

A tool-less joining process could overcome these challenges. This would also com-
plement the tool-less character of additive manufacturing. By means of electroplating,
components can be coated almost independently of their geometry [10]. Therefore, elec-
troplating is proposed as a joining method for additive manufacturing in this paper. The
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process was investigated by Dini and Johnson [5] as early as 1974 for joining tubes.
Krauss et al. [14] join tungsten using brazing. The filler material is applied to the joining
surfaces by electroplating before the brazing process. Further publications on joining by
electroplating are not known.

3 Experimental Setup

In this section, the process of joining by electroplating is explained. Afterwards, the
joining geometries investigated and the results of the tensile tests are presented.

3.1 Joining by Electroplating

Electroplating is an electrochemical process commonly used for metallic coating of sub-
strate bodies. The basis for this is electrochemical metal deposition. When a metal object
is immersed in an electrolyte, spontaneous metal dissolution can occur. In this process,
metal atoms leave the metal lattice and migrate into the electrolyte in the form of positive
cations. This is also called anodic metal dissolution. A negative excess charge remains
in the electrode. The cations are attracted to a negatively charged electrode due to the
electrostatic attraction. There, the ions discharge and the metal is deposited on the surface
of the electrode. This process is called cathodic metal deposition. The result is a dynamic
equilibrium, which is described in Eq. (1). Me is the metal, e is the elementary charge
and z is the number of atoms per elementary cell.

Me = Me?" + z-e” (1)

By applying a voltage between the electrodes of an electrolytic cell, an electron flow
can be generated from the anode to the cathode. This causes the cations in the electrolyte
to migrate to the cathode and the anions to migrate to the anode. This process is called
direct current process and is shown in Fig. 1. In this study, the workpiece to be joined
forms the cathode. The anode, however, consists of the coating material and dissolves
into the electrolyte during the process, regenerating the metal content in the electrolyte.
The dissolved quantity corresponds to the quantity deposited on the workpiece. [10]

The process steps for joining additively manufactured components made of AlSi10Mg
are listed below. Between each step, the specimens are rinsed with distilled water. One
part of the samples was joined with nickel and the other part with copper, two materials
commonly used in electroplating.
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1. The surface morphology of the component to be coated has a major influence on
the coating thickness distribution. In particular, roughness peaks can lead to non-
uniformities [10]. Therefore, the surface roughness in the joining zone is reduced by
grinding.

2. The oxide layer on the surface of the component is removed by bathing the component
in a sodium hydroxide solution (concentration 7.5 mol/l).

3. To further remove the oxide layer and to prevent a renewed oxidation of the surface, the
component is galvanized electroless using a zincate with copper content. The zincate
layer also provides better adhesion of the coating material.

4. To improve the quality of the zincate coating the coating is removed with nitric acid
(concentration 2 mol/l). A new zinc coating is then applied.

5. A thin layer of copper is applied to the component in an alkaline copper electrolyte.
This copper layer is primarily intended to protect the zincate, which would be dissolved
in the acidic milieu of the subsequent electroplating.

6. To achieve a targeted material deposition, the component is wrapped with an insulating
tape. Only the joining surfaces and a small area for contact with the power source are
left free. To join several components at the same time, they are placed in a fixture and
connected by means of copper wire. This setup can be seen in Fig. 2.

7. The specimen are then connected to a power source and immersed into an electrolyte
where the joining process takes place. The electrolytes used and the process parameters
are listed in Table 1.

8. After joining, the samples are washed one last time with distilled water and milled to
final geometry as shown on the right side in Fig. 2.
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Fig.2 a Specimen prepared to be plated and specimens bonded with b nickel or ¢ copper after they
have been plated (left) and after they have been milled to final geometry (right)

Table 1 Electrolytes used and their process parameters

Electrolyte | Formular PH Concentration | Current | Temperature | Duration

value density °C)

(Aldm?)

Copper CuSO4 8.5 unknown 2.5 20 2 min
sulfate
Copper CuSO4q 1 unknown 5 20 17.5h
sulfate
Nickel Ni(SO3NHp)2 |3.5 185 g/l 5.5 60 45h
sulfamate

3.2 Sample Design and Results of Joining

Since the tensile strength of the joint is being investigated, the test specimens were
designed as tension rods and bars following DIN 50125 [4]. Initial joining tests were
carried out with round specimens according to Form A of DIN 50125. For this purpose,
however, the model of the tension rod was split in the middle. To position the halves in
relation to each other, the tension rod halves were provided with either a pin or a hole,
each with an additive manufactured thread. To maintain the size of the original com-
ponent, material must be removed in the parting line area to make room for the filler
material. This material removal is in the form of a wedge with a 30° opening angle.
The dimensioning of the tensile rods can be seen in Fig. 3 on the left. The specimens
are screwed together and joined according to the procedure in Sect. 3.1. The result is
shown in Fig. 3 on the right. It is clearly visible that the joining zone was not completely
filled, while increased material was deposited at the edges at the beginning of the joining
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Fig.3 a Technical drawing of the tension rod. b Joined tension rod with visible gap in the joining
zone

zone. According to Kanani [10] this is mainly due to the course of the electric current
lines. These generally do not run parallel, but are influenced by geometric factors and
the arrangement of the electrodes. Consequently, the edge at the joining zone led to a
concentration of the electric field lines towards the edge and thus to increased material
deposition in this area. Nevertheless, a sufficiently strong joint was created through which
relative movement with muscle force was not possible. Nevertheless, due to the visibly
low degree of filling of the joining zone, no tensile tests were carried out for Form A
tension rods.

The aim is to completely fill the joining zone with material. For this purpose, a new
test specimen was designed with a significantly more open joining zone. In addition, the
outer edges of the joining zone were made blunter to reduce material agglomeration. This
time, Form E of DIN 50125 serves as the basic body. The geometric dimensions can be
seen in Fig. 4. The separation geometry was chosen in the form of a jigsaw connection
to allow the components to be loosely connected before electroplating. In a length of

L 90 [
| 33.88

e ===

Ozy
4

Fig.4 Technical drawing of the tension bar
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18.78 mm around the separation area, the thickness of the tension rod is reduced from
2.5 to 0.9 mm with a radius of 7.5 mm to smoothen the edges. This creates a uniform
topology without sharp edges, allowing for more uniform material deposition.

As shown in Fig. 2, test specimens with this geometry could be joined. The joining
zone is completely filled with material and the cladding is relatively uniform. However,
material buildup again occurs at the transition to the nominal thickness, which must be
removed to achieve nominal thickness by post-processing. In the context of this inves-
tigation, this step is particularly important to ensure comparability of the tension tests
between the joined samples and the referenced samples. However, it is conceivable that
with sufficient process control and optimized joining geometry, post-processing can be
reduced or even eliminated in some cases.

All specimens were manufactured on the PBF system EOS M290 with the parameter
set “direct part parameter”. The material used is AlSil0Mg. The build-up direction is
parallel to the tensile direction for all specimens.

3.3 Tensile Test and Discussion of Results

Tensile tests for Form E adapted specimens were carried out on a tensile compression
testing machine from Zwick Roell. For each type of specimen (reference, nickel-joined
and copper-joined) four specimen were tested. The average stress—strain curve of each
specimen type is plotted in Fig. 5. The comparative samples reach a tensile strength of
410.5 MPa, which corresponds to literature. The joined specimens, on the other hand,
have a significantly lower tensile strength. Copper-joined specimens fail at 83.2 MPa,
nickel-joined specimens fail at 127.4 MPa. The curves of copper and nickel are very
similar, although with different tensile stress values and strains. Both specimen types
show an initial failure in the range of 0.4 and 0.6% strain with a significant decrease
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in the measured tensile stress at 0.6% strain (section i). Following, for the nickel joint,
there is a renewed increase in tensile stress to approximately 94% of the maximum value
(section ii). For the copper compound, there is a slight increase to approx. 72% of the
maximum value (section iii). At 2.8% elongation, the nickel joint fails a second time.
The stress drops to about 30 MPa and then proceeds linearly with a slight negative slope
(section iv). At 3.8% elongation, the measurement is stopped because the measured stress
falls below the threshold of 20% of the maximum measured tensile stress. However, the
tensile bar halves are still in contact at that point, but can be separated by hand. The
copper specimens fail a second time at 5.3% elongation and end up at the same stress
level and curve as the nickel samples (section v). The copper test ends as soon as the
tension rod halves are completely separated.

As mentioned, there are two failure modes. By looking at the destroyed specimens,
exemplified in Fig. 6, the failure cases can be determined for all specimens.

One case is the fracture of one of the component halves made of AlSil0Mg, probably
due to the form-fit character of the jigsaw joint. The second failure case is the detachment
of the zinc layer from the substrate. However, no assignment was made as to which stress
drop in the stress-strain diagram belongs to which failure case due to the ambiguous
force flow in the joint. It was identified that the joint is completely separated after the
second stress drop. Therefore, the last segment of each specimen at about 30 MPa can
be explained by friction between AlSi10Mg and the zinc layer, since there is still contact
between the loose parts.

In addition, the joined test specimens were examined for their electrical properties.
For this purpose, a two-point measurement was performed using the R&S HM8118 LCR

Fig.6 Failure images: a and b copper specimens, clear separation of the component halves, crack
of the AlSi10Mg and detachment of the zinc layer visible. ¢ Nickel specimens, joint destroyed, but
component halves still loosely in contact
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measurement bridge from Rhode&Schwarz. The contact surfaces of the specimens were
smoothed to minimize the effects of surface roughness. The conductivity, inductance and
phase angle were measured at the frequencies from 20 Hz to 200 kHz, but no significant
differences in electrical properties were found between the samples. However, this result
is considered unlikely and is attributed to the method of measurement and the limited
resolution of the measurement setup.

4 Conclusion and Outlook

The suitability of electroplating as a joining technology for additive manufacturing is
examined. Both electroplating and additive manufacturing allow great freedom in the
geometry to be processed, which is why a combination of the processes is logical. In par-
ticular, the advancing research in the field of systematic component separation in DfAM
makes a largely geometry-independent joining process necessary.

Two different joining geometries are investigated. Even though a joint could be estab-
lished, it was shown that narrow joining zones cannot be completely filled with material,
but material accumulation occurs at the edge of the joining zone. More openly designed
joining zones can be completely filled with material. But here, too, material accumulation
occurs at the edges, which has to be removed during post-processing. Nevertheless, it is
shown that components manufactured by PBF can be joined by electroplating.

Tensile tests show that the joined specimens have a significantly lower tensile strength
than specimens manufactured in one piece or joined by laser beam or friction welding.
While the nickel compound has 31% of the tensile strength of the reference specimens,
components joined with copper have 20% of the tensile strength. The detected failures are
cracking in the AlSi10Mg region of the specimens and detachment of the zinc layer from
the base body. In order to improve the clarity of the results, it is suggested to manufacture
the base bodies without a jigsaw joint but with a butt joint. Furthermore, an improvement
of the quality of the zinc layer or an enlargement of the joining area is suggested to make
a detachment of the zinc layer more difficult. The choice of a different base material,
which forms a better bond with the zinc layer, is also suggested. In an investigation of
the electrical properties, no significant differences were found between the sample types.

The basic suitability of electroplating for additive manufacturing is presented and the
basis for further investigation is provided. First, the fracture structure must be investi-
gated to gain full understanding of the failure mechanisms and locations. In addition,
the wear resistance of the joint will be investigated. Then, possibilities for improving the
load-bearing capacity of the compound are to be investigated. This can be achieved by
optimizing the geometry of the joining zone, investigating different joining materials or
improving the adhesion of the individual layers. In addition, it is planned to investigate
the manufacturing of a form-fit element in the joining zone, in order to replace material
closure as the main joining mechanism. Furthermore, real and complex components are
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to be joined. The joining capability in the real application, the necessary postprocessing
and the resulting mechanical properties are to be investigated. The outcome will be used
to evaluate and further develop electroplating as a joining method for PBF manufactured
components. Finally, the usage of joined components as anode will be investigated under
the aspects of recycling and dismantlability. In this way, components could be separated
non-destructively while reusing the filler material.
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Abstract

Heat dissipation inside diode-pumped Nd:YVO, laser crystals requires an efficient
cooling concept to reduce heat-induced stress and thus to avoid the mechanical
destruction of the laser medium. Due to a high degree of design freedom, additive
manufacturing of heat sinks offers great potentials to integrate cooling channels and
sensors within a single component. These advantages are associated with a reduced
choice of materials. The thermal and mechanical properties of the printing material
have a significant impact on the emerging stress. For a suitable choice of printing mate-
rial, temperatures and stress occurring in the application of the product are calculated
using a multi-physical simulation model. By coupling optical, thermal and mechanical
effects within a single simulation model, the mechanical stress in the laser crystal is
investigated as a function of thermal material properties. Based on this information,
thermal requirements are defined to ensure a non-destructive operation of a present
laser application.
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1 Introduction

Additive manufacturing offers several advantages, such as the potential to integrate mul-
tiple functions within a single component due to the high degree of design freedom.
Products can thus be manufactured in almost any geometry and adapted to the expected
mechanical and thermal loads. [1]

However, depending on the 3D printing process, only a limited selection of commercial
materials is available. The appropriate choice of material is based on requirements that
need to be defined at the beginning of the product development process. By testing the
developed product in its application, thermal and mechanical loads can be identified.
Based on this information, existing requirements can be refined. Thus, requirements for
further developments of the product can be specified and returned in a feedback loop.
According to the refined requirements, the printing material is to be chosen to consider
thermal and mechanical loads in the application.

The specification process is demonstrated by developing a 3D printed crystal heat
sink for a low-power laser system. In a first development loop, optical and functional
requirements are defined. By using Fused Filament Fabrication (FFF), lightweight and
low-cost optomechanical systems can be printed in a short manufacturing time [2]. In
the next development loop, thermal and mechanical effects are considered to improve
the cooling capacity of the heat sink. During the operation of the laser system heat is
generated inside the crystal. By printing with copper-filled polylactide (Cu-PLA) filament,
the thermal conductivity of the heat sink material is increased compared to the formerly
used PLA [3].

Nevertheless, mechanical stress occurs due to thermal expansion inside the crystal. If
the fracture tensile stress is exceeded, there is an increased risk that the crystal will break.
In addition, the optical efficiency of Nd:YVO4 crystals decreases with increasing temper-
ature [4]. Therefore a certain amount of energy is to dissipate. To ensure an efficient and
non-destructive operation of the laser system, thermal material requirements are derived
to reduce the thermal-induced load. Limiting values are derived by calculating the occur-
ring temperatures and stress in the crystal depending on the heat conductivity and the heat
transfer coefficient.

In a laser system, optical, thermal and mechanical effects are strongly dependant on
each other. Due to the complex geometry of the heat sink, an analytical calculation of
the resulting temperature and stress is difficult. Therefore, a numerical multi-physical
simulation model is developed to calculate the stress in the crystal depending on the
thermal material parameters of the additively manufactured heat sink.
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2 Laser System with Additively Manufactured Optomechanics

In this section, a laser system with additively manufactured optomechanics is introduced.
First, the overall system, including optical components, their optomechanics and the laser
diode is described. One of the implemented optomechanics is the 3D printed heat sink.
The integrated functionalities and the used material properties are presented below. The
heat sink mounts a laser crystal. Its material properties influence the generation and
dissipation of heat.

2.1 Overall System

The laser system is an assembly of mainly printed optomechanics and conventional optical
components enclosed in a printed housing, as shown in Fig. 1. The pump light from a
fiber-coupled laser diode with an output power of 8 W and a central wavelength of 808
nm is collimated and focussed into the crystal. The resonator consists of a high and a
partially reflective mirror for the laser wavelength of 1064 nm. All optomechanical parts
are printed via PLA-based filaments. Thereby, the adapter for the pump fiber, the lenses,
the laser crystal, and the resonator mirrors are imprinted directly into the optomechanics,
leading to a firm and stress-free fixation. [2]

FC/PC fiber Focusing lens Mirror in

adapter / adjustable mount

T /

Collimation lens Mirror in Heat sink
in adapter adjustable mount

Fig.1 Design of the laser system with 3D-printed optomechanics
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Fig.2 CAD model of the
function integrated heat sink

Cooling channel
Laser crystal

Heat sink

2.2 Crystal Heat Sink

For cooling the laser crystal, the possibilities of additive manufacturing were exploited
to obtain a highly integrated functional unit, where the cooling channels and water con-
nections are integrated directly into the design. Furthermore, a thermal resistance detector
(RTD) and the laser crystal are embedded directly into the heat sink.

In their research, Grabe et al. [5] investigate the influence of the thermal bonding
between a crystal and an additively manufactured heat sink on the resulting temperature.
These studies demonstrate that a linear decrease in the heat transfer coefficient is accom-
panied by an exponential temperature increase in the crystal. In contrast, the geometry
of the cooling channels was found to have only a minor influence on the cooling per-
formance [5]. For this reason, the geometry of the cooling channels is not optimized for
cooling performance but adapted to be manufactured without support structures while
maintaining high surface qualities. The sectional view of the function integrated heat sink
is shown in Fig. 2. A composite Cu-PLA filament, which is gravimetrically filled with
80% copper powder, is used to increase the thermal conductivity [6]. Due to the low ther-
mal conductivity of the copper-PLA filament kcy—pLa = 0.25 W/(m - K) in comparison
to conventionally used copper k¢, = 240 — 380 W/( m - K), only a low cooling capacity
could be achieved [7, 8]. In Table 1, the material properties of the filament used are listed,
according to the manufacturer.

23 Laser Medium

The laser medium is a Neodymium doped YVO4-crystal (CASIX, China) with the dimen-
sions 3 x 3 x 11 mm?, whereby the first 2 mm are undoped and the residual 9 mm are
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Table 1 Material properties of
P 1 Val
Cu-PLA [6] arameter Symbo alue
Young’s modulus EcuPLA 4210 MPa
Tensile strength Rm,CuPLA 18.3 MPa
Density 9CuPLA 3400 kg/m?
Thermal conductivity | KCuPLA 0.25 W/(m - K)
Softening temperature | ' max,CuPLA |66 C
Elongation at break ACuPLA 4.5%
?d?I;Vz o:?;feﬂ)?l properties of Parameter Symbol Value
Young’s modulus Evvous 133 GPa
Poisson ratio VYVO4 0.33
Refractive indices na; Ne 1.9573; 2.1652
Thermal expansion | ay; ac 4431070 K 1;
coefficients 11371070 K!
Thermal Ka; K¢ 5.1 W/(m - K);
conductivity 5.23 W/(m - K)
Convective heat Nair 27.5 W/(m? - K)
coefficient of air
Fracture tensile Omax,YVO4 53 MPa
stress
Melting point T max,YVO4 1810 C

doped with a concentration of 0.27 at%. The c-axis of the crystal is aligned parallel to
the optical z-axis of the diode laser and is located at a distance of z = 154 mm to the
laser source. Table 2 summarises the mechanical properties of the Nd:YVOq4-crystal. The
data shows the anisotropic material behavior in terms of thermal expansion and thermal
conductivity.

3 Additive Process Chain Feedback Loop

The development process of the heat sink can be methodically analyzed with the
schematic representation of the additive process chain according to DIN 3405, as shown
in Fig. 3 [11]. The development of an additively manufactured product is based on initial
requirements, which are used to design a CAD model. In a pre-, in- and post-processing
step, the designed component is prepared, printed and reworked. The manufactured com-
ponent is inserted into the application to prove the fulfillment of the defined requirements.
In addition, new requirements can be identified from the application of the product, or
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|
L 4

Fig.3 Schematic representation of the process chain for the development of additive manufactured
components

$

existing requirements can be refined. New requirements are returned to the developing
process in a feedback loop. As illustrated in Fig. 3, an interaction between all process
steps and the printing material is to be considered.

With the design, manufacturing and testing of the heat sink, the additive process chain
was completed once. By integrating the system into the application, an increased tem-
perature is detected. Furthermore, a negative impact on the efficiency of the laser system
is analyzed [12]. These findings must be applied to further developments of the heat
sink through a feedback loop. Therefore the defined optical, mechanical and functional
requirements need to be supplemented by thermal requirements. More precisely, the spec-
ification of the thermal conductivity and the heat transfer coefficient for the crystal/heat
sink pairing needs to be quantified.

4 Theoretical Simulation Approach

In the laser system, optical, thermal and mechanical effects interact with each other.
Therefore, a multiphysics simulation model is built to analyze the influence of the printing
material’s heat conductivity on the resulting temperature and stress distribution.

In a multi-physical simulation model, single simulation models are linked to each
other in order to represent either unidirectional or bidirectional connections. The optical
simulation model is combined with the thermal model via the intensity profile of the laser
beam at the position of the laser crystal. When the crystal is irradiated, a part of the
induced energy is converted into heat. The propagation of this heat in the crystal and heat
sink is calculated using the thermal simulation model. By integrating the Computational
Fluid Dynamics (CFD) simulation, the convection of the heat energy through the water
is calculated. The thermal gradient causes an expansion of the materials, which results
in mechanical stress. To calculate the expansion and the resulting stress a mechanical
simulation model is developed.
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4.1 Optic Simulation

The optical simulation model is integrated into the multi-physical simulation model to
determine the intensity distribution of the laser beam inside the crystal. By evaluating
beam profile measurement results along the optical path, a Gaussian beam distribution
has been identified. For the beam profile characterization, the beam radius on the surface
of the crystal is to be determined. Therefore, a ray transfer matrix analysis is developed.
The geometry and the position of the optical components are implemented as matrices
in the analysis. A measured beam quality of M? = 52 and a waist radius of wy = 52.5
pm are taken into account to calculate the beam radius as a function of the optical path
z. From the simulation, a beam radius of w, = 182 wm is derived at the position of the
crystal face.

According to Lambert-Beer’s law, the intensity of light decreases exponentially
depending on the absorption coefficient of the medium through which it propagates [13].
By calculating the effective absorption coefficient aefr the overlap between the narrow
emission spectrum of the laser diode, which is shown in Fig. 4 (right) and the absorption
coefficient of the crystal is considered [14].
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Fig.4 ( Left) Normalized absorption coefficient of Nd:YVQy; (Right) Spectral density of the pump
laser



190 J. Rottger et al.

According to Chen et al., the absorption coefficient of Nd:YVOy, pumped with a center
wavelength of 808 nm, is linear depending on its doping concentration [15]. By multi-
plying the resulting effective absorption coefficient with a factor of 0.27, according to
its doping concentration (0.27 at%), the absorption coefficient of a = 3.54 cm™!
determined.

can be

4.2 Thermal Simulation

The thermal simulation model serves to calculate the heat distribution inside the crystal
and the heat sink. First, a heat source is implemented to the model to calculate the gener-
ated heat. Furthermore, heat conduction, heat transfer and heat convection are considered
to calculate the steady-state heat gradient. Due to the resulting temperature gradient, the
heat is conducted through the material of the crystal. Heat is transferred from one com-
ponent at the interface between the crystal and the heat sink. Inside the heat sink, heat
is conducted through the printing material towards the cooling channel. The heat energy
convects to the water inside the cooling channel.

Heat Source

When the laser crystal is irradiated, a part of the energy introduced into the laser crystal is
converted into heat. The heat generation inside the pumped Nd:YVOg4 crystal can be related,
among other things, to the quantum defect, the quantum efficiency, quenching and excited-
state absorption [16]. According to Xiong et al. [17], the thermal efficiency of Nd:YVOq4
crystals is dominated by the quantum defect, which can be calculated using Eq. (2).

h = (1 - )‘-pump/)\Lasing) )

To describe the heat generation inside the laser medium, Xiong et al. neglect other absorp-
tion mechanisms due to a low doping concentration of <0.5 at% [10]. This assumption will
be adopted to implement a heat source since the crystal used has a doping concentration of
0.27 at% heat generation will only be considered for the doped part of the composite crystal.

The total heat load Q results from the proportional relationship between the output power
of the laser diode and the thermal efficiency, as shown in Eq. (3).

Q= Pn-m 3)

The heat density ¢(r, z) is described by the heat generation inside the crystal volume.
The radial distribution of the induced heat inside the crystal is based on the assumption of
a Gaussian intensity profile of the laser beam [18]. The beam radius wp = 182 wm, which
is calculated in the optical simulation model, will be inserted in the Eq. (3).
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The heat distribution inside the crystal and inside the heat sink can be analyzed by
implementing the heat density into the stationary heat transfer Eq. (5). A direct dependency
exists between the heat distribution in the system and the heat conduction coefficient, as
shown in Eq. (6) [19].

pCpu-VT +V-q=Q )
q=—k-VT (6)

Heat Transfer

The direct application of the printing material on the surface of the crystal is intended to
improve the thermal transition between the two materials. Imperfections, like air pockets
or the detachment of printed material, decrease the heat transfer. Grabe et al. show in their
research a high impact of the heat transition coefficient on the cooling performance of the heat
sink [3]. In order to investigate the influence of the coefficient on the resulting temperature
and mechanical stress, the value is iteratively increased in a parameter study to identify limit
values for the non-destructive operation of the laser system.

Heat Convection

To reduce the generated heat inside the heat sink water with a temperature of 7 = 18 °C
flows through the cooling channel. A computational fluid dynamics simulation model is
implemented to represent the heat convection in the cooling channel. To characterize the
fluid flow, the calculation of the Reynolds number is required. Therefore, the mean flow
velocity v =0.97 m - sl is calculated, considering the inner diameter of the connected tube
and the measured flow rate. By inserting the water density of p = 997 Kg - m~3 the dynamic
viscosity Nu20,18°c = 1.0087, the diameter of the tube and the flow velocity to Eq. (7), the
Reynolds number can be calculated to

_peved 999750972 - 4.107m
T on 1.0087

Re

= 3827 @)

The critical Reynolds number is approximately Reyrii = 2300 [20]. As the Reynolds
number exceeds the critical Reynolds number, turbulent flows are more likely to occur.
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4.3 Solid Mechanic Simulation

The crystal is mounted approximately stress-free in the heat sink. Due to the introduced
energy, a temperature gradient is formed, which results in an expansion of the material.
The anisotropic expansion of Nd:YVO;, is characterized by the coefficients aexp,a =
443 -107%. K ! and Qexpec = 11.37 - 10=° - K~! [17]. The thermal expansion and thus
the strain inside the crystal is implemented into the simulation model by using Eq. (8)
[19].

eth = Aexp(T — TRef) ®)

By printing the filament onto the crystal, a form-fitting connection can be achieved.
Due to the thermal expansion, a pressure load is expected between the surface of the
crystal and the heat sink. Thus, no relative displacement between the two components is
assumed.

4.4 Model Validation

The multi-physical simulation model is based on a link of individual simulation
approaches, which contains assumptions and simplifications. Therefore a validation is
required to prove the accuracy of the model and the simulation results.

The heat density approach presented is based on a model developed by Xiong et al.
[17] using the software ANSYS [17]. For the comparison of both numerical solutions,
the parameters and material properties of Xiong et al. model are adopted to the developed
simulation model. In Xiong et al. simulation model, the composite crystal is analyzed in
isolation. The boundary condition of constant temperature of 7o = 20 °C on the crystals
surface substitute a water-cooled heat sink [17]. The composite Nd:YVO4/YVO4 crystal
Xiong et al. simulate measures 3 x 3 x 10 mm? including a 4 mm undoped endcap and
is loaded with 5 W of heat.

Figure 5 shows the results of Xiong et al. simulation model and the remodeled simu-
lation model results using the same boundary conditions. The deviation of the calculated
maximum temperatures corresponds to approximately 4 %. The deviation at the position
z = 0 mm is even smaller. However, higher deviation can be found in the range between
z = 6 — 8 mm. With regard to the calculation of the maximum temperatures and the
resulting stress, the temperatures agree with reasonable accuracy.
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Fig.5 Stationary studies of longitudinal heat distribution with solid lines for the remodelled simu-
lation model and dashed lines for simulation results by Xiong et al.

5 Simulation Results

To define thermal material requirements for the heat sink, the maximum temperatures
in the heat sink are analyzed. In addition, the maximum mechanical stress in the crys-
tal is considered for the derivation of material requirements. Therefore, two parameters
are iteratively changed. These are the heat transfer coefficient and the thermal conduc-
tivity between the crystal and the heat sink. A parameter study is made in a range of 50
W/(m? - K) and 2000 W/(m? - K) with a step size of Ah = 50 W/(m? - K).

5.1 Temperature Study

Due to the Gaussian intensity distribution of the laser beam emitted by diode pump laser,
the maximum temperature occurs in the center of the crystal. As shown in Fig. 5, the
highest temperature along the optical axis occurs shortly after the transition between the
end cap and the doped crystal. In Fig. 6, the temperature is shown in dependence on the
two investigated parameters. Since the heat source is located in the crystal, the temper-
ature gradient starts from the crystal and goes towards the cooling channel. The highest
temperature in the heat sink is at the boundary between the crystal and the heat sink. The
calculated maximum heat sink temperature is shown Fig. 6 in dependence of the heat
transfer coefficient and the heat conductivity.
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Fig.6 Thermal simulation results of the parameter study

The softening temperature of the filament 7 maxcupLa = 66 °C, given by the manu-
facturer, defines the permitted maximum temperature of the heat sink material (Table 1).
If the temperature is exceeded, a safe fixation of the crystal in its position can no longer
be ensured of the crystal cannot be ensured. Permissible parameters can be derived from
Fig. 6 taking into account the softening temperature.

5.2 Mechanical Stress Study

The temperature gradient in the crystal causes thermal expansion in the material and thus
mechanical stress. Figure 7 shows the maximum stress inside the crystal in dependence
on the investigated parameters.

The maximum permitted stress of Nd:YVOy crystal iS omax yvos = 53 MPa (Table 2).
If this limit is exceeded, there is an increased risk that the crystal will fracture. Permissible
parameters can be derived from Fig. 7.

6 Discussion
6.1 Interpretation of Simulation Results

The simulation results identified a strong influence of the investigated parameters on
the mechanical stress and the occurring temperatures. From the data obtained, it can
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Fig.7 Solid mechanical simulation results of parameter study

be deduced that the mechanical stress increases exponentially with decreasing thermal
conductivity. Similar behavior is observed for the heat transfer coefficient. From the sim-
ulation results, a permissible material parameter space can be identified in which softening
of the print material and fracturing of the crystal can be prevented.

According to the results of the temperature study, the formerly used copper-filled PLA
with kcypra = 0.25 W/(m - K) is critical for the investigated application. If the heat
transfer is smaller than /i, = 1000 W/(m2 - K) the printing material of the heat sink
softens due to the resulting temperatures. When using CuPLA, there is also the risk that
the crystal will break if the heat transfer falls below A, = 90 W/(m2 - K). In the tem-
perature study and the mechanical stress study limiting values are derived separately. The
limit values from the temperature study determine the required thermal material proper-
ties due to their minor magnitude. The requirements defined in this paper must be taken
into account when developing printing materials for the laser application described.

In addition to the investigated thermal conductivity, the coefficient of expansion of the
printing material and the modulus of elasticity also influence the resulting stress. A factor
could be derived from the ratio of these three parameters whose influence on the stresses
should be considered in future work.

6.2 Potential for Simulation Model Improvement

By coupling multiple physical effects within one simulation model, the attempt is made to
describe the thermal effects comprehensively. Nevertheless, some assumptions were made
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when building the simulation model. For example, the absorption coefficient was simpli-
fied not to be temperature-dependent. Furthermore, saturation effects in the Nd:YVOq4
crystal were not considered when calculating the absorption coefficient. Increasing the
level of detail could improve the accuracy of the simulation model.

6.3 Simulation Model Improvements to the State of the Art

In the simulation model, Xiong et al. described the heat distribution inside a composite
Nd:YVO4/YVO4 crystal was calculated. Therefore the simulation model is simplified by
isolating the crystal from the heat sink. To consider the cooling capacity, Xiong et al.
implemented constant room temperature on the surface of the crystal as a boundary con-
dition. Xiong’s approach was adopted and expanded in the multiphysics simulation model
by considering the heat transfer through an implemented heat sink. Thus, heat dissipation
can be modeled more accurately.

The simulation model described by Grabe et al. [S] provides the possibility to inves-
tigate the mechanical stress inside the crystal in dependence on the cooling channel
geometry. Also, a strong influence of the heat transfer coefficient was highlighted. More-
over, the simulation model presented in this paper provides the possibility of considering
the mismatch between the spectral absorption coefficient of the Nd:YVQO4 and the emitted
spectrum of the diode laser. Furthermore, it is possible to implement composite crystals
with an undoped endcap.

7 Conclusion and Outlook
7.1 Conclusion

By developing the simulation model for a specific application, a solution space for possi-
ble combinations of printing material properties was determined. The influence of thermal
conductivity and the heat transfer coefficient on the resulting maximum temperature in
the heat sink and the maximum stress in the Nd:YVOy crystal are investigated. Taking
into account the new material requirements, non-destructive operation of the laser system
with printed optomechanics becomes possible.

7.2 Outlook

With the development of the simulation model, the physical interactions in the laser crys-
tal and thus the resulting thermal and mechanical loads can be calculated. In order to fully
exploit the possibilities of the simulation model, it is advantageous to apply the method
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presented to the other additively manufactured optomechanics of the laser system. A
general validity of the simulation model could thus be proven. Furthermore, the reliabil-
ity of the system could be increased with a suitable selection of the printing materials
individually adapted to the thermal and mechanical loads that occur in the application.
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Investigation of Powder Bed Topography
by Fringe Projection for Determining
the Recoating Process and Powder Bed

Quality

D. Jutkuhn, V. Missig, and C. Emmelmann

Abstract

The quality of the powder layer is a decisive factor for the stability of powder bed
fusion processes. Stereo-vision in-situ monitoring based on two high-speed cameras
in combination with fringe projection is used to investigate the 3D topography of the
powder bed in the L-PBF process. This paper proposes a method to determine the pow-
der layer quality, by developing a powder bed quality factor from the so obtained data
of the layers’ depth map. The proposed method is evaluated in the course of an empiri-
cal investigation, which consists of thirty-six experiments. In a quantitative evaluation,
separated aspects of the analysed height data are combined to a powder bed quality
factor in order to be able to compare the powder bed quality for different parameter
sets. The focus of this analysis is on levelness and reproducibility, compared between
layers within one experiment as well as the layers between experiment iterations.
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1 Introduction

Additive manufacturing has been successfully used in series production for years, yet
these processes continue to be restricted by inconsistency in manufacturing quality. Major
causes are the nonexistence of universally applicable process parameters and the untracked
changes of process conditions leading to process instabilities. In addition, transferability
of process parameters between manufacturing machines and parts to be built might not
be given. Data and in-depth knowledge regarding the processes could be used, to find
parameters for each individual case. Also, process parameters that guarantee long-term
robustness during production are an actual challenge [1]. To overcome these limitations,
technical solutions like in-situ monitoring systems in combination with intelligent data
processing are needed that would allow for the permanent monitoring and consequently
for the assurance of the process parameters. To ameliorate systemic limitations of addi-
tive manufacturing, various measurement techniques allowing for the direct or indirect
measurement of different process parameters have been researched in previous work.

Moreover, integrated stereo camera systems have promising potential to research var-
ious process parameters and to provide effective in-situ process monitoring capabilities.
In this paper, a method is proposed to measure the stability of the recoating process in
Laser Powder Bed Fusion (L-PBF) by quantification of the powder bed quality. The pow-
der bed topography is quantified for applied powder layers by a processing chain that is
executed on depth data acquired by a high precision stereo camera system. The qualifica-
tion method is then empirically tested and evaluated in the experimental phase. From the
achieved results a powder bed quality factor (PBQF) is determined to assess the layerwise
quality and reproducibility of the recoating process.

2 Powder Bed Quality Assessment by 3D Topography
Measurement

The aim of the assessment of the recoating process is to increase the productivity, process
stability and product quality of an L-PBF system. In this paper, the powder recoating
process is investigated by experimental parameter variation. The focus is on the recoating
time and quality of the applied powder layers. The quality and reproducibility of the
recoating process and resulting powder layer can be determined from the provided depth
map generated by an in-situ powder bed monitoring system. The data analysis is focused
on the powder layer thickness, levelness and homogeneity in every single layer and for
all layers applied for a specific parameter set.
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3 Methodology

This section describes the complete process from data acquisition, over data processing to
data evaluation. Additionally, the measurement hardware and its operating principle are
being elaborated.

Acquisition of three-dimensional topography data. The depth data used to quantify
the topography of the powder layer is acquired by a stereo camera system developed
by Hexagon Technology Center GmbH in cooperation with Fraunhofer IAPT. It consists
of two high resolution monochrome cameras (7,920 x 6,004 pixels) with Scheimpflug
adapter and a mechanical slide projector. Fringe projection is used to reconstruct a three-
dimensional scene of the build plane [2, 3]. By using two cameras and a combination of
projected stripe patterns, redundant measurement data is collected to fully construct the
depth information of the build plane, which has a size of 170 x 170 mm. Prior calibration
is used to ensure a high level of precision.

During three-dimensional scene reconstruction, the system produces a three-
dimensional triangle mesh with 32 Mio. polygons. However, such high resolution is not
required to employ the assessment method of the powder bed quality proposed in this
paper. Therefore, the triangle mesh is resampled into a uniformly structured depth map of
2,000 x 2,000 pixel resolution. The ability to deploy the method on the resampled resolu-
tion offers multiple advantages: the execution of the data processing runs at higher speed
and the decreased amount of data allows for long-term storage to build up an extensive
process knowledge database.

The layers’ depth map provided by the structured light system has a lateral resolution
of 40 wm and a depth variance o2 of 3.76 wm. The 95th percentile interval of the random
error is bounded at 8.45 pm.

Processing of three-dimensional topography data. An evaluation analysis is required to
obtain evaluable data from the measured height profile. Due to the optical setup of the
structured light system, calibration and the complex, irreversible processing chain of the
height data generation there is a gradient in the height profile of the powder bed that
is not related to the orientation of the build plane. For this correction purpose, a height
normalization of the acquired data set is carried out first. This is performed in MATLAB,
the output data for each measurement is a 2,000 x 2,000 px matrix of the layers’ depth
map.

First, the original matrix is reduced to a square area of the building platform (1,539 x
1,539 px). The matrix is then subdivided into 9 x 9 areas and the average value of each
area is determined. The result is the middle profile k, which is smoothed with a two-
dimensional Gaussian filter (sigma 125) to achieve an compensation profile g for the
optical correction of the data set.
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For segmentation of the region of interest, the area of the round building platform
(170 mm in diameter) is determined with an optically defined cutting matrix s. The diam-
eter of the segmented area is reduced then by 9% to exclude the influence of edge effects
of the build platform in the evaluation (see Fig. 1).

In order to be able to compare the layers’ depth maps with each other, a reference
layer must be reproducible selected for each experiment. For this layer a height normal-
ization is performed and the compensation profile g is applied on all other layers in one
experiment. To determine the reference layer, each experiment is evaluated twice. In the
first evaluation run, it is assumed that the first evaluated powder layer (layer #30) is the
reference layer. A height normalization is carried out for layer #30 and applied to all
layers of the experiment. The height mean value M and the height standard deviation o
of each layer are determined and the average @M and Qo are determined from them. The
layer whose mean value and standard deviation are closest to the average mean value and
the average standard deviation @M and Qo is assumed to be the final reference layer. For
this selected reference layer, the height standard deviation ¢ is calculated and the height
normalization is carried out again and applied to all other layers. In this way, all layers of
an experiment are referred to the same reference and thus comparable in the evaluation.

Determination of powder characteristics. A particle analysis is carried out to determine
the powder properties. The powder material AISi10Mg is used in virgin condition (particle
size distribution 20-63 pm) and the same powder but already in used/processed condi-
tion (sieved with mesh size 100 wm). The CAMSIZER from Microtrac Retsch GmbH is
used to examine the particle size, symmetries, sphericity, and the length—width ratio of
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Fig.2 Determination of powder properties with Granudrum and Camsizer

a particle sample. These samples were taken during the recoating experiments in front
of, on and after the build platform from the powder coating. The GRANUDRUM from
Granutools is used to measure the flowability and cohesion of the powder. The angle of
repose and a cohesion number are determined at different rotational speeds (see Fig. 2).

4 Experimental and Empirical Validation

All tests are carried out on the L-PBF machine AconityLAB from Aconity3D. The powder
is shifted from a powder supply through a perforated plate in front of the recoater, which
is located in the build chamber. The supplied powder is collected by the recoater and is
applied in front of, on and after the build platform. Excess powder is transported over the
build platform to a powder overflow. Laser exposure does not take place during the tests.
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The variable parameters are:

Recoater blade type (rubber blade hard, rubber blade soft, carbon brush)

Recoating speed (50 mm/s, 150 mm/s, 200 mm/s, 250 mm/s, 350 mm/s)

Layer thickness (30 wm, 60 pwm)

Off-set; lowering of the build platform during recoater return (0.50 mm, 0.25 mm,
0.00 mm)

e Powder characteristics (AlSi10Mg virgin powder 20-63 pwm, AISilOMg used powder,
sieved, mesh size 100 pm)

In each experiment, the powder layers #30 to #60 are examined and the experiment is
repeated five times. A total of thirty-six different parameter combinations are investigated.
The main effects of all parameter settings are determined in preliminary tests with the
aim of identifying and excluding non-target parameters. The aim is on the assessment
of the quality criteria powder levelness and layer homogeneity for all single layers and
layer batches of all chosen parameter combinations. The identification of a parameter
combination with higher quality and at the same time lowest powder application time
concludes the investigation.

For the evaluation only the applied layers from #30 to #60 were used due to a transient
phase of the layer formation in the recoating process. Initial layers that are applied on a
solid surface like the build platform is one are not representable for the recoating quality
and of no interest for the investigation of the influence of chosen process parameters. The
first twenty-nine layers were applied with corresponding recoating parameters, but the
acquired data was not processed.

Qualitative Evaluation. In the qualitative evaluations, the depth maps are visually exam-
ined and conclusions are drawn from observed effects. Known effects are identified and
can be displayed in high resolution (e.g. trenching in the powder bed for carbon brush).
In the following, new effects in the powder bed are presented.

Horizontal height profile of the building platform. The following diagram shows the
average height of the different coating blades. The average mean value for the vertically
cut segments is shown (see Fig. 3). Experiments with strong outliers or deviations are not
considered here.

Different behaviors and height gradients are observed when using different coating
blades. A possible cause for this effect is that the coater blade is deformed when clamped
in the holder. In experiments with elastomer blades or carbon brush, different vertical
height gradients are identified in the powder bed. From the results of the experiments is
suggested that the deformation or local deviation of the coater blade during machine setup
influence the horizontal shape across the width of a powder bed. The embossing of the
underlying coating element is demonstrably established by the examinations.
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Fig.3 Average vertical mean curve of different coater blades

Powder flips. On all measurements, more or less deep powder trenches or chatter marks
parallel to the coater blade are observed (see Fig. 3). Observed chatter marks in direction
of the recoating indicate a vibration of the coater blade. It is suggested that a stick—
slip effect occurs on the coater blade during powder spreading. The yielding edge of the
coater blade deforms elastically until the elastic energy and the translational kinetic energy
exceed the adhesive resistance and the powder flows. The spring energy discharges and
causes the coater blade to vibrate. This repetitive effect causes a powder flip and results
in the observed chatter marks of the powder bed.

Powder overdosage seems to lead to particularly deep and wide chatter marks. Higher
speeds lead here to a larger number of chatter marks (see Fig. 4). A possible explanation
for this observation is that the elastic energy of the coater blade is not completely dis-
charged due to the higher coating speed. The coater blade can only vibrate with a small

amplitude but at higher frequency.
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Fig.4 Chatter marks at higher speed coating and powder overdosage
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Regardless of the parameters, chatter marks appear on all scans, especially in the end
area of the build platform in coating direction (see Fig. 4). There is a natural segregation
process of the particle sizes in the powder when powder is applied and spread over a
surface [4, 5]. Small particles are therefore deposited at the beginning of the coating
process, while larger particles are usually transported further. This is confirmed by a
particle examination with the Camsizer X2 from Microtrac MRB inspired by ISO 13322-
2 in areas in front of, on and behind the building platform (see Fig. 4). With a changed
particle size distribution, the local flowability of the powder usually changes as well. This
results in a locally different load on the coater blade. The resulting vibrations lead to the
formation of local chatter marks, which can raise in its intensity with the coating distance.

Vertical powder trenches. In the case of elastomer blades, powder trenches occur, some
of which are constant in location over several test series but differ in intensity. Between
parameter combinations without cleaning, trenches mainly occur with similar or increas-
ing intensity. Therefore, it can be assumed that the trenches are related to the condition
of the coater blade. Occasionally, a powder trench is clearly visible at the beginning of
the building platform coating. The trench ends in the middle of the build platform with a
powder elevation (see Fig. 5). This indicates that the trenches may be caused by powder
adhesion or powder clumping to the coater blade. External effects or the weakening of
the adhesion mechanisms often cause the powder deposit to detach from the rubber blade
again. As trenches recur at the same locations, it can be assumed that powder accumula-
tion is favoured at said areas of the coater blade. One possible reason for this is that these
trenches can be attributed to abrasion effects of the coater blade. Due to the elastic nature
of the coater blade, particles can be pressed into the material during the coating process,
the so-called “primary particles”. The resulting unevenness of the coater blade causes
further particles to adhere in front of and to the primary particle, so that the trenches are

Powder trenches of elastomer blades
hight
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30_150_05, 60_200_05 30_350_025

=)
=
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-
(=]
=]

T
3

uoljoalIp 19)80D

Fig.5 Powder trenches in different variations of intensity
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intensified as the coating process progresses. The pressing in of particles causes lasting
damage to the elastomer blade. New particles can be pressed into the damaged area with
less resistance after cleaning the blade or detaching the particles. For this reason, the
trenches appear mainly in the same areas. [6]

During periodic cleaning, the coater blade is inspected visually without any aids. Irreg-
ularities such as deformations cannot be detected at any time. It is possible that wear
effects cannot be identified without optical aids.

Vertical Height Profile. A height gradient develops along the powder coating application
(see Fig. 6). In the area that the coater reaches first, the average mean value of the powder
layer height is below 0 pm (between —1.42 and —16.43 pwm). In the back area of the
build platform, the average mean value of the powder layer height is above O wm (between
0.22 and 13.18 pwm). It can be noted that slower coater speeds lead to smaller deviations
between these areas, while higher speeds lead to larger deviations. In addition, thicker
powder layers are more susceptible to strong variations. Reasons for this are possibly
segregation effects during powder application [5]. The powder weight and the decrease
of the powder weight over the coating distance could also be causes for this effect.

Mean value of the horizontal segments
horizontales segment

—e— Mean value of all parameters

1

Hight in pm

1 2 3 4 5
Building plattform areas (horizontal)
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Fig.6 Analysis of powder bed segments in recoating direction
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5 Discussion of Results and Conclusion

The following powder bed effects can be identified in the course of the experiments
carried out:

e Parallel to the coater blade: a height gradient can be seen in the powder bed. This is
probably caused by deformations of the coater blades.

e Parallel to the coater blade: clatter marks are visible. This is probably caused by oscil-
lation of the coater blade. High powder quantities and high coater speeds intensify this
oscillation effect.

e In the direction of the coater: a height gradient occurs. This is probably due to powder
segregation and weight loss of the powder during application.

e In the direction of the coater: constant powder trenches can be observed when coating
with elastomer blades. This is possibly due to particles digging into the elastomer
blade. This probably results in a wear effect that is intensified with the coating distance
and amount of applied layers.

Powder bed quality factor PBQF. A powder bed quality factor is being developed to
quantitatively express and compare the height data of all experiments. The focus of the
PBQF development is on the layer thickness, levelness and homogeneity of the powder
layers for different parameter combinations. The development of the PBQF is based on
the procedure of the multi-criteria decision analysis. The height properties are weighted
and off-set added to the height data. In the process, all height data are related to the
standard parameters on a percentage basis in order to exclude unwanted weightings.

The powder bed quality factor consists of three partial factors. The absolute value fac-
tor: Here, the absolute height data are entered. The layer consistency factor indicates the
susceptibility to variation within a test (layer #30 to #60). It describes how consistent
a single experiment can be performed. The reproducibility factor describes the repro-
ducibility between the individual experimental repetitions for a parameter combination.
Combined, these factors result in the powder bed quality factor.

The powder bed quality factor shows that layer thickness of 30 wm tend to exhibit
higher powder homogeneity. Layer thickness of 60 pwm show a higher reproducibility.
(see Fig. 7).

Quantitative Evaluation. In a quantitative evaluation, test settings susceptible to variation
are quantitatively identified. A variance analysis and a residual analysis are performed and
the confidence interval is determined. Test results that deviate strongly from the results of
the standard parameters are classified as susceptible to variation. In a process parameter
window, the powder bed quality factor and the quantitative evaluation are combined.
With a combined evaluation of the powder application time and the powder bed quality
factor, the efficiency of a test can be shown. Here, the parameter combination (layer
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Fig.7 Evaluation of powder bed quality factor for experimental investigated parameter combina-
tions

thickness: 60 pwm, coating speed: 200 mm/s, Off-set: 0.25 mm, AlSi10Mg used powder)
achieved both a higher powder bed quality factor and a lower coating application time.

6 Future Work

This paper presents a first approach for the quantitative assessment of powder bed quality.
The underlying experiments form a data basis for the analysis of powder bed quality based
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on height data provided by the measurement system structured light 3D. Further analysis
is needed to verify the causes of the qualitative effects. By means of parameter varia-
tion, a significant process window for coating application with AISilOMg was covered
but not investigated in depth. Future work will have to extend this process window and
investigate it in more depth in order to provide a more meaningful basis for the determi-
nation, selection and weighting of criteria in the assessment of powder bed quality factor.
Furthermore, the transferability to other materials as well as different coating application
principles need be investigated in further experiments. The validity and applicability of
the PBQF also needs to be proofed according to the resulting process and part quality.
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Normalization Matrix for Sustainability
Assessments Considering the Laser Powder
Bed Fusion Process
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Abstract

The sustainability assessment of a product and the related process chain is the result of
balancing influencing factors. Using different methods, such as life cycle assessment
according ISO14040/44, it is possible to determine the ecological impact based on an
evaluation of various influencing factors. For being able to identify and validate the
potential of laser powder bed fusion process compared to conventional processes, a
standardised approach is required. Following the “technical-economic evaluation” as
defined in VDI2225 and the basics of the utility value analysis, objectives and evalua-
tion criteria must be established and combined in a methodical approach. In this paper,
a possibility to standardise the various influencing factors of additive and conventional
manufacturing processes by a developed normalization matrix is presented. The effects
of this norming are validated and discussed regarding their applicability based on the
process chain of a demonstrator.

Keywords

Life cycle assessment « Laser powder bed fusion « Normalization

1 Introduction

Regarding the continuing trend of the sustainability movement, the question increasingly
arises what impact the current activities have on the ecosphere over which time period. As
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the focus in this case is often on the selection of a better or, in this case, ecologically more
sustainable alternative, the impact can be assessed on the basis of decision problems.

One possibility to evaluate the ecological dimension of processes and products is the
methodical procedure of the Life Cycle Assessment (LCA) according to the ISO 14040/44
standard. This approach aims to initially record the exchanged elementary flows between
the ecosphere and technosphere in a inventory and to subsequently evaluate the ecological
impact in a Life Cycle Inventory Assessment (LCIA). In order to be able to formulate a
valid result for the solution of the underlying decision problem following this LCIA, the
comparability of the results must be ensured.

Normalization is an optional step of the LCA to improve the understanding of the
relevant relationships within the results [1]. Moreover, this screening for inconsistencies
is covered in ISO 14042 under the title “Preparation for further additional procedures,
such as grouping, weighting, and life cycle interpretation”.

In this paper, the various challenges of Life Cycle Assessments are first examined
in more detail and the relevance of a targeted normalization is highlighted. Following,
various assessment and standardized normalization approaches will be presented and a
hybrid normalization methodology will be formulated on the basis of these. The study
continues with a case study of product manufacturing using laser powder bed fusion,
investment casting and milling. In a final paragraph, the findings are discussed and an
outlook is presented.

2 Research Background
2.1 Life Cycle Assessment

The ecological sustainability analysis contains the collection and systematic analysis of
the ecological impacts of products during their entire life cycle. These environmental
impacts include those that occur during the production, use phase and end-of-life phase
of a product, as well as upstream and downstream processes [2]. The traditional life cycle
assessment according to the ISO 14040 ff. series of standards includes four phases, the
“goal and scope definition”, the “life cycle inventory analysis”, the “life cycle impact
assessment” and the “interpretation” of the results (see Fig. 1) [2, 3].

Within the first phase, the scope and the objectives of the analysis are defined, to be
able to capture all inputs and outputs of this analysis in a life cycle inventory during the
second phase [3]. These inputs are those resources, like raw materials, energy and water.
The outputs are resulting emissions in air, soil and water [2, 4, 5]. In the subsequent phase
the LCIA, the environmental impacts are calculated based on the results of the previous
LCI and classified and interpreted in the final phase [3].
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Fig.1 Components of a life cylce assessment according to ISO 14040 [2]

With regard to the entire ISO 14040ff. series of standards, the principles of implemen-
tation and the characteristics of a life cycle assessment are defined. These five principles
also serve as requirements for the application of a (holistic) life cycle assessments [2]:

e The analysis must have a relative character, which is defined, for example, by the
definition of the functional unit and by the use of results from other methods.

e There is a direct dependency between the level of detail, the period under consideration
and the scope of the assessment as well as the related objectives.

e During the preparation of a life cycle assessment, it is not only possible to use one
single method, but a variety of different methods, which allow a high degree of
interpretation.

e During the evaluation, links between the LCA and other environmental management
methods can be identified.

e There is no scientific basis for dealing with the results of LCAs that can summarize
these results in an overarching numerical order or numerical single value.

The last point forms the basic motivation for the consideration to develop a methodical
procedure, as the quantification of sustainability on the basis of concrete results represents
one of the largest gaps and questions within the sustainability assessment.

2.2 Life Cycle Inventory Assessment

Within the phase of the LCIA, the aggregated results of the generated Life Cycle Inventory
are evaluated with reference to their impact by various categories [6]. Each of these
categories can be calculated by different methods. In the scope of this paper, the focus
is on the ReCiPe method, as it includes a variety of different categories and indicators
for the holistic coverage of environmental sustainability aspects [7]. Further, a distinction
between midpoint and endpoint approaches within this method can be made enabling
both problem (midpoint) and damage (endpoint) oriented assessments to be made [7].
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Table 1 Categories and indicators of the “ReCiPe”-method [5]

LCIA-categories Unit LCIA-indicators Unit

Land occupation (urban/ agri.) m?a Occupation m? *yr

Climate change kg CO,-Eq. Infra-red radiative W*(yr/mz)
forcing

Freshwater eutrophication kg 1,4-DCB-Eq. Hazard-weighted m? *yr
concentration

Human toxicity kg 1,4-DCB-Eq. Hazard-weightes dose |—

Marine ecotoxicity kg 1,4-DCB-Eq. Hazard-weighted mz*yr
concentration

Ozone depletion kg 1,4-DCB-Eq. Stratospheric ozone ppt¥yr
concentration

Terrestial ecotoxicity kg CFC-11-Eq. Hazard-weighted mz*yr
concentration

A summary of the calculable LCIA categories and indicators of the problem-oriented
ReCiPe method are shown in Table 1 [5].

Each of the different categories is represented by different equivalents of substances,
which are calculated on the basis of method-specific indicators (see Table 1). The out-
comes of the diverse methods, such as the popular CML2001 or the IMPACT2002+, allow
for a wide range of different calculation and evaluation approaches [§].

One aim of a successful LCA is to represent the actual environmental mechanisms and
interdependencies as close to reality as possible [6]. Therefore, Frischknecht et al. (2019)
recommend the use of normalization steps to specifically minimize uncertainties [6].

2.3 Normalization Methods

Normalizing data from a LCA, besides weighting, is a way to generate aggregated results
which are directly associated to various references. Generally, a normalization is the cal-
culation of the amount of a result in relation to one or more reference values, these
methodological procedures can be clearly distinguished from a following weighting [4, 9].
Using a normalization is subject to different objectives in accordance to the assumptions
of Pizzol et al. (2017) [10, 11]. Helias et al. (2021) summarizes these goals, as follows:
Results, values are to be compared and plausibility checked. In addition, communication
should be facilitated and at the same time a uniform metric for the classification of results
should be usable [10, 11].

In order to separate the concepts of normalization and weighting, a temporal distinc-
tion can be made [11]. Normalization is a preparation for the weighting step, because
the results are combined on one scale, which are relevant for a concluding evaluation
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[11]. Moreover, the knowledge regarding the similarity of considered alternatives can be
included to the weighting and deviations can be compensated [9].

Myllyviita et al. (2014) deals with the comparison of the two methodological
approaches in the context of an LCA of buildings and how far a normalization and/or
weighting significantly influences the quality of the results. Within the normalization
methods, a distinction can be made between internal and external normalization. An inter-
nal normalization refers to the comparison on models with interval scales and definition
of the extreme values that can be derived from the considered alternatives [12]. According
to Pizzol et al. (2016), the step of internal normalization allows the avoidance of major
macroscopic biases consisting strong deviations in the estimation of the range of values
[11]. However, this procedure is limited in its applicability, because several alternative
solutions must already be given at the beginning of the LCA in order to be able to create
an internal ranking [11]. In cases of proportional scales, the results can be evaluated by
summing the total results to the value “1”.

As an external normalization, the magnitude of the impacts is sorted into a superordi-
nate context, which, for example, a product causes in relation to a reference value in a
certain period of time [12]. Such reference system enables a transformation of the LCIA
results to meaningful comparative values, which are mostly adapted to certain geographic
areas [12]. The application of an external normalization step, in contrast to the internal
normalization, finds a high degree of popularity [11]. In this context, it is possible to
determine a statement regarding the plausibility of the calculated results for a reference
region or a reference system. According to Predo et al. (2017), externally normalized val-
ues are also used to check whether the various aggregate results are consistent, as a linear
functional correlation is presumed [13].

Seel et al. (2007) describe the systematic comparison of a process or product with
a reference system as a possibility to constantly “check whether a reference model is
in conformity with the current reality of the company” [14]. Based on the definition
of alternatives, metrics must be defined for the evaluation, which can subsequently be
weighted. On this basis, these key figures have to be calculated for each alternative before
being evaluated [14].

3 Method

The previously described components of a life cycle assessment according to ISO 14040ff.
a temporal order of the normalization step is given.

As shown in Fig. 2, the normalization step follows the calculation of the LCIA cat-
egories. In addition to these values, requirements for the normalization can already be
taken from the first phase of the “Goal and Scope”, such as the time frame of the ref-
erence system or the lengths of the process chains for each alternative considered. The
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Fig.2 Integration of the methodical approach for the internal and external normalization within a
LCA framework

normalization itself, as a hybrid normalization consisting an external and an internal nor-
malization step, is embedded before the result interpretation (see Fig. 2). This is intended
to achieve the aim of providing results that are as meaningful, unbiased and close to
reality as possible.

3.1 External Normalization

In the course of the external part of the normalization, first the values of the LCIA
categories in the reference system are used as the calculation basis. These calculations
cannot be made if either no values are available in the examined reference system or the
units of the values differ from another. If these requirements are satisfied, the externally
normalized values can be calculated for the results of the LCIA in each case [12]:

hi.j.o

(a,- *hi,R) M

hi,j,E = Si,j *
For the calculation of the externally normalized values “h;jg”, for all *j” alternatives
and for each “7” LCIA category considered. According to the assumptions of Myllyviita
et al. (2014), the quotient of the original LCIA value and the category-specific reference
value must be formed [12, 13]. In addition, an adjustment factor “a;” is introduced, which
reflects the development of the reference system, so that an adaptation of the available
values to current conditions is possible. Furthermore, a component of the utility value
analysis in the form of the degree of goal fulfillment *“z;;” is added in order to capture
information regarding the politically or economically targeted goal systems as well [15].
Depending on the amount of deviation of the LCIA categories from the aimed value, the
factor varies from O to 4, so that 4 indicates an agreement of more than 60% and 0 an
agreement of less than 10%.
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3.2 Internal Normalization

In the second normalization step, the alternatives are compared with each other for
each LCIA category. Following the internal normalization according to Myllyviitta et al.
(2014), the category-specific extreme values are formed as minimum “A;pz;,” and max-
imum “h;pq,” [12]. Extending the approach, not the original values are used for this
calculation, but the results of the previously performed external calculation step “h;j £”.

(hi.j,E — hi Min)
(hi.Max — hi min)

hij1 = ()

Since values which are already adapted to the examined reference system are set in
relation to each other, the dimensionless internally normalized results allow statements
which are directly adapted to the goals and the scope of the LCA.

Following this internal normalization step, a weighting of the results is optional. This
weighting aims to show the individual relevance of the diffrent LCIA categories for the
scenario considered. Using this weights, different scenarios can be examined and an opti-
mized decision between the alternatives can be made. The dimensionless results, which
can be summarized in one scale, allow statements regarding the relevant sustainability
potentials as well as the levers regarding the different LCIA categories. Following Ehlers
et al. (2020), such sustainability potentials are multidimensional and have several direct
dependencies to each other [16]. Through this approach, it is possible to identify connec-
tions between the sustainability orientation and actual impacts in the ecosphere [16]. This
evaluation, as well as the previous calculation steps, are combined in an MS Excel matrix,
requiring only the manual addition of the weights. For the collection of the original LCTIA
data, “Live-Links” are used as a direct connection between the sustainability assessment
software “Umberto LCA+”, allowing changes in the process chain and the resulting life
cycle inventory as well as LCIA to be automatically adapted to the normalization.

4 Case Study: Laser Powder Bed Fusion, Investment Casting
and Milling

For validating the assumed normalization of the LCIA results, a LCA of a product with
low complexity was chosen. This approach allows defining the functional unit of the LCA
as the “functional volume of the component made of steel that leaves the manufacturing
process”, which minimizes the scope of the analysis. The time period analyzed in the
LCA covers the phases of the product life cycle from raw material extraction to the
end of production and can therefore be classified as a “cradle-to-gate” approach. The
alternatives considered concern the various manufacturing processes used to produce these
components and differ as follows: A (laser powder bed fusion), B (investment casting)
and C (milling). For each of these three manufacturing processes, process chains for
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the relevant time period were modeled using Petri nets in the sustainability assessment
software “Umberto LCA+”, then filled with data and calculated as an LCI. Modeling
the processes as Petri nets allows a detailed mapping of the predefined process chains
for the different manufacturing processes using inputs, outputs, links and transformation
processes (see Fig. 3).

In addition to this model of the process chains, the reference flow forms the basis of
the LCIA-calculation defined as a component volume of 0.0012 m> manufactured using a
basic tool steel, such as 1.2709. In addition to the primary collected data of the production
phase, secondary data from comparable case studies as well as data sets of the ecoinvent
database are added in preceding process phases.

The goal of these expansions of existing primary data is to modify the level of detail
for the process chain to be able to make a valid comparison according the principles
of LCA. Regarding the ReCiPe method evaluated in this paper, seven different LCIA
categories are identified (see Table 2).

The results shown in Table 2 reveal a wide range between the calculated data of the
individual categories as well as the different alternatives. For the example of the “land
occupation” category, a value four times higher than alternative A is calculated for alter-
native C, so there is a high level of variance in the LCIA results even at this early point
and a need for normalization. In addition to these calculated values and as a basis for
the following first step of the hybrid normalization in form of an external normalization,
the data of the reference system is listed. Published values from the Institute for Environ-
ment and Sustainability of the Joint Research Centre of the European Commission from
2014, referring to average LCIA factors of the year 2010, serve as the reference system.
The values are calculated per person of the approximately 499 million inhabitants of the
EU-27 states and are also shown in a cumulative way [17].

The LCIA categories highlighted in grey cannot be used in the following analysis
because the reference system either does not provide any reference values or the units
differ from each other, which excludes a normalization (see Table 2). Due to this lim-
itation, the remaining four LCIA categories of “climate change”, “ozone depletion”,
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Internal normalization step

reference: external normalized values
LCIA-categories unit reference € (milling) A B c

system (LPBF)  (casting) (milling)
hi r he.j.é‘
climate change CO2Z-Eq. hyp  9,22¢ 9.01E+04 hyze 9,78 2,36E+00  3,49E+00 0,00E+00
ozone depletion CFC-11-Eq. [z 21€ 2,19E-03 hz3g 0,10 3,08E-02 4,24E-02 0,00E+00
)

ionising radiation =~ U235-Eq. |hy, 1.1 1,56E+04 haz e 13,70 344E+00  4,23E+00 0,00E+00
freshwater P-Eq. Y EX 132E+02 h,,, 7511 1506401  138E+01  0,00E+00
eutrophic ation

Fig.4 Section of the normalization matrix showing the results of the external normalization step

“ionizing radiation” and “freshwater eutrophication” are normalized first externally and
then internally.

4.1 External Normalization Step

In the first step of this methodological approach, the available reference values from
2010 are adapted to the developments of the last 10 years in order to minimize a bias
of the results already in this step. Assuming that the reference values have decreased by
0.02% in the last years, the reference values of the individual categories are respectively
modified. As introduced in the previous section, the externally normalized values are
calculated for the relevant LCIA categories and alternatives according to formula (1).
Since the ratio to the higher-level reference system is evaluated in this step, the results
are dimensionless and serve as a basis for the following step of internal normalization
between the investigated alternatives. In addition, the results from Fig. 4 can be classified
into a scale with a positive value range from O to 4.5 (see Fig. 4).

4.2 Internal Normalization Step

During the second, internal normalization step, the minimum and maximum values of the
considered alternatives are calculated based on the results of the external normalization.
Via the quotient of the differences from the external results and the minimum values and
the difference from the maximum and minimum values of the LCIA category considered
indicates a direct dependency between the results of the alternatives.

In this example, only three alternatives were calculated and compared with each other,
therefore the scale range from 0 to 1, if alternative C is neglected, is only filled in a
value range from 0.68 to 1 (see Fig. 5). The values shaded in grey are those results
that are obtained from a calculation of the differences from alternative A and B without
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LClA-categories unit reference system: externa results: external and internal normalized values
values
A B A B c
hi e hije 1 hijs hija

climate change CO2-Eq. hy1g 236 hyap 3¢ 4 068 000 hya; 100 100 hy3; 0,00
1) ozone depletion CFC-11-Eq.| hza1e 0,03 hzze 0, 4 072 000 hyz; 100 100 hys; 0,00

ionising radiation U235-Eq. hy e 344 h3,p 4 10 081 000 hzp, 100 100 hz3, 00

freshwater P-Eq. here 1505 hyop 12 o 1,00 1,00 h,,, 092 000 h,;, 0C

eutrophic ation

Fig.5 Section of the normalization matrix showing the results of the internal normalization step

climate change ionising radiation
alternative C alternative C
alternative B alternative B
alternative A  ee—————— alternative A e ———
0 05 1 0 0.2 0.4 06
ozone depletion freshwater eutrophication
alternative C alternative C
alternative B m—— alternative B
alternative A = —————— alternative A
0 0,005 0,01 0 1 2 3

Fig.6 Internal and external normalized values for each analyzed alternative and LCIA-category

considering the other alternative C. Because of the high differences of the externally
normalized values, these results are negative and outside the scale interval, therefore these
values are not evaluated further.

After this internal normalization step, the results are calculated with the predefined
weights, so that the individual perception regarding the significance of the impacts on the
various ecosphere segments is captured. The resulting total hybrid normalization results,
which are analyzed in the final fourth step of results interpretation, are shown in Fig. 6.

4.3 Results

The aim of this normalization matrix in form of transforming the original values into
dimensionless metrics, allowing comparative statements and serving to solve decision
problems, was tested on an exemplary product. The results of the four calculated LCIA
results shown in Fig. 7 in relation to the identified reference values of the ILCD can
be allocated to a quantifiable unit in the form of substance equivalent values. For the
example of the LCIA category “ozone depletion”, CFC-11 equivalents are calculated.
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climate change ionising radiation
alternative C alternative C
alternative B m—— alternative B mm
alternative A == alternative A =
ILCD == ILCD mm
0,00 20000,0040000,0060000,0080000,00 0,00 5000,00 10000,00 15000,00
CO2-Eq. U235-Eq.
ozone depletion freshwater eutrophication
alternative C alternative C
alternative B = alternative B ==
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ILCD ILCD »
0,00 0,01 0,01 0,02 0,02 0,00 20,00 40,00 60,00 80,00 100,00120,00
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Fig.7 Original values for each LCIA-category considered in comparison to the ILCD reference
system

This calculation of the equivalent therefore shows that CFC emissions are responsible
for more than 60% of the ozone depletion [18]. It is a characteristic value for the LCIA
category, which has a direct relation to the resulting impact in the ecosphere.

In this example, the “ozone depletion” is the only LCIA category whose ILCD value
significantly exceeds those of the analyzed alternatives (see Fig. 7). Therefore, it is ques-
tionable if this category is of high significance for the investigated conventional or additive
manufacturing processes. This suggestion of minor relevance is further demonstrated by
the overall weighted results. As shown in Fig. 6, all compared manufacturing processes
for this LCIA category have metrics in the range of 0-0.0122 only. In contrast to the origi-
nal equivalent-based scales, low values do not reflect a low impact but a low sustainability
potential, so this assumption can be strengthened by normalization (see Fig. 6).

For the results of the LCIA categories “climate change” and “ionizing radiation”, the
highest sustainability potentials can be identified for alternative B, investment casting.
The corresponding value ranges of 0—1.24 for “climate change” and 0-0.62 for “ionising
radiation” are significantly higher than the range for “ozone depletion” (see Fig. 6). In
contrast, the potential of alternative A, the additive LPBF process, dominates the alterna-
tive B value bin the LCIA category of “freshwater eutrophication.” Consequently, it must
be considered how to deal with a high single potential compared to a variety of lower ones
of other alternatives during the final interpretation of the whole LCA. For the comparison
of the manufacturing processes, the “freshwater eutrophication” forms a leverage, which
suggests a positive development tendency.

The strong differences within the LCIA results of alternative C, investment casting,
and the other manufacturing processes need to be considered individually. According to
Pizzol et al. (2016), such discrepancies in values can occur more often if, for example,
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the alternatives were not analyzed using a consistent framework or analysis method [11].
Furthermore, incompleteness within the life cycle inventories lead to further biases in the
results [1, 11]. It is necessary to look further into whether such errors caused these varia-
tions, and to what extent, based on the calculation of further LCAs of various demonstrator
products.

In addition, the question remains if the validity of the results can be increased with
a higher number of alternatives by comparing further manufacturing processes, other
material compositions or by adding and/or changing steps of the process chain.

5 Conclusion and Outlook

Based on the results of this case study and the strong variance between the alternatives
of additive manufacturing, investment casting and, in contrast, milling, the question must
be answered how to minimize the bias of the LICA-values. Although supporting data
sets were used for the calculation of the LCIA categories, the investigated process chain
does not pretend to be complete. Thus, the continuing use of these normalized data is
subject to an error that should not be ignored in the documentation. In order to handle
this challenge of cross alternative data quality and availability, further case studies and
evaluation iterations are needed to validate as well as extend the data sets and process
chains. However, since one of the principles of building an LCA is to have a comparable
level of detail for the alternatives studied, these attempts must be equally pursued for
both additive and conventional manufacturing processes, and various demonstrators must
be manufactured and analyzed. In addition, the question remains regarding where and
how the sensitivity of the results can be ensured [19]. The possibilities of setting up an
LCA are too large and the obligatory specifications defined in the ISO 14040ff. series of
standards too limited.

Ackknowledgement This research has been funded by the Ministry for Science and Culture of
Lower Saxony (MWK)—School for Additive Manufacturing SAM.
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Abstract

This article presents the design potential of a novel additive manufacturing process for
three-dimensional (3D) multilayer devices with vertical interconnect accesses (VIA).
The technical approach is based on multilayer printing of alternating metal-containing
and insulating ink layers on 3D component surfaces. Additional laser ablation of the
insulating coating creates VIA cavities, and the laser structuring of the metal ink sinters
the conductive traces. Digital processing with a laser enables high variability in the
generation of multilayer circuits. In particular, this enables the specific design of fully
additively manufactured components with highly integrated electric circuits, including
micro-VIA and fine-pitch contacts for area-array chip packages. An illustrative layout
of a fully additive manufactured 3D multidirectional illumination device for customized
and controllable lightning of test specimens shows the new freedoms in design that the
process provides.
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1 Introduction

The increasing demand for highly integrated electronic systems has affected all levels
of the production chain. In addition to the progressive high integration of micropro-
cessors (Moore’s law) with smaller transistors each year, the ongoing miniaturization
also includes packaging and interconnect technologies. Printed circuit boards (PCBs) are
the primary circuit carriers for networking electronic components in electronic devices.
High-density integrated (HDI) PCBs are realized by increasing the number of conductor
layers, reducing the pitch, and implementing vertical interconnect access (VIA). Simi-
lar increases in integration as in HDI-PCBs never occurred for spatial circuit carriers of
mechatronic integrated device (MID) technologies. The existing MID processes are pre-
dominantly substrate-bound and are thus mostly limited to single-layer conductive track
circuits. There by, the applications for MID components are characterized by low com-
plexity, e.g., simple circuits, sensor technology, or radio frequency identification (RFID)
antennas [1]. In the laser direct structuring (LDS) MID process, the substrate is created by
injection molding, patterned by a laser, and chemically metalized [2]. Therefore, metal-
lization is limited to the substrate surface. Only overmolding with an additional LDS layer
makes multiple conductive trace layers possible on the MID component surfaces. How-
ever, overmolding is only suitable for a small number of additional layers to be produced
[3]. Another technology for additive generation of 3D multilayers is directly printing the
traces during 3D printing [4]. However, scaling to mass production and generating traces
on large-scale components are problematic for technical reasons.

This article presents a novel multilayer printing (MLP) technology for generating con-
ductive traces and VIA directly on free-form spatial surfaces. MLP technology produces
hybrid electromechanical 3D multilayer devices (MLDs) and extends the existing 3D MID
technology field. Increasing integration is expected to assist future developments in prod-
uct miniaturization through the direct manufacturing of electronic functional elements
(e.g., capacitors and coils [5]) and assembling fine-pitch components on 3D compo-
nents (e.g., housings [1, 6]). The MLP technique combines alternating insulating and
metal nanoparticle ink coatings on a component surface with local laser processing. Laser
ablation of the insulator generates VIA cavities, and laser sintering of the metal ink gen-
erates conductive structures. The coating with insulating and metal-containing inks can
be realized using such application techniques as full-surface and local processes.

The technology field of printed electronics offers a wide range of commercially avail-
able functional inks and additive manufacturing technologies for electronic conductors.
However, printed structures, e.g., RFID transponders, light-emitting diodes (LEDs), or
solar cells [7-9], have been primarily applied to 2D surfaces. Moreover, it is possible
to print planar multilayer functional elements [10, 11] and VIA [12]. Because printed
electronics require no chemical metallization baths, they are promising to reduce the
environmental impact [13]. The recently introduced priming technology for conductive
trace generation on additive manufactured and thermally sensitive components makes the
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MLP process applicable to various 3D components [6, 14]. This enables to advance the
integration density of MID [15] to the current requirements of applications and achieve a
more compact product design through the direct routing of complex circuit layouts.

There is still a significant application potential for MID technologies owing to the
unique properties resulting from the combination of electronic and mechanical tasks in
one component. A recent trend is the increasing need for highly variable production
in technology fields driven by individualization, such as biomedical applications [16,
17]. Mass customization and rapid prototyping require supply chains with small batch
sizes and short product cycles. Moreover, additive processes make demand-driven man-
ufacturing possible, avoid cost-intensive warehousing, and reduce technical complexity.
Conventional MIDs are severely limited in their geometric adaptability owing to the mold-
ing process. Some MID technologies (LDS ProtoPaint [18] and additive manufacturing
[19]) already have shorter MID product cycles and higher substrate variability for pro-
totype designs [20]. However, all LDS technologies still rely on chemical metallization
baths that require complex infrastructure, costly maintenance, and the procurement and
environmentally friendly disposal of chemical components. Thus, there is a demand for
new MID technologies applicable to various base materials, reduced requirements for
costly equipment, and to address customization.

The compatibility of MLP with additively manufactured components and digital laser
processing results in high variability. MLP technology is also suitable for prototyping and
could become a niche technology for small companies. At the same time, this process
can be used with a series of high-volume applications. For example, highly integrated
and customized products [21] can be manufactured in the future. Further advantages are
the low number of process steps in the process chain and transferability to large-scale
components. The production of multilayer MIDs represents a technology that can create a
significant competitive advantage in the market. The avoidance of chemical metallization
processes and the possibility of shorter logistics chains can positively impact environ-
mental protection. This results in further relevance of the technology for the society and
environment.

2 Multilayer Printing (MLP) Approach

The MLP process chain is described in detail in Sect. 2.1. The fundamental approach
in this study is based on the alternating printing of functional coatings and local laser
processing. Section 2.2 provides an overview of the possible printing techniques, and then
the laser processing for sintering (Sect. 2.3), ablation (Sect. 2.4), and cleaning (Sect. 2.5)
is discussed.
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2.1 Process Chain

The MLP process is presented schematically in the following figures. These schematic
illustrations use copper ink as the conductive layers. Nevertheless, conductive inks from
different materials are also compatible. Figure 1 schematically illustrates the concept of
an MLD component using a mirror-symmetric grid of nine contact pads in a 3 x 3 array.
A small number of only nine pads is presented, but, in reality, the number of contact pads
can be scaled to an arbitrary complexity of the high-density circuit layout. Even ball grid
arrays (BGAs) with 100 contacts (10 x 10 contact arrays) or more are possible.

The dashed black line indicates the mirror plane and the cross-section plane for the
following schematic figures. Copper ink is nonconductive after coating and becomes con-
ductive after sintering. Thus, the insulating brown copper ink area seperates the sintered
copper areas (orange). The green layer is an insulator material that enables the separation
between the conductive layers. The challenge for contacting fine-pitch BGA packages
has already become evident with the nine contact pads on the 3D surface. The link to the
contact pad with the number 5, or a short circuit between contact pads 3 and 9, can only
be realized through the first layer. In addition, the first layer makes routing from contact
pads 1 and 7 easier. Highly integrated fine-pitch BGA chips typically have more than 100
contacts (e.g., 10 x 10 arrays), requiring multiple metallization layers and VIA for full
routing. Figure 2 illustrates the entire MLP process chain step by step in the cross-section
side view (A-A).

The requirements for the 3D substrate (Fig. 2a) are low roughness, high heat stability,
and small fillet radii. An optional pretreatment with a primer can achieve reduced rough-
ness and higher heat stability [1]. A full-surface copper ink coating (Fig. 2b) provides
nanoparticles for the generation of copper traces. Local laser sintering (Fig. 2c) generates
conducting traces by scanning the laser spot across the 3D surface. The processing of
another layer is prepared using an insulator coating (Fig. 2d). Laser ablation (Fig. 2e)

2 Jayer

18 layer

Fig.1 Schematic of an MLD component with a contact pad array for BGA assembly
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a) 3D substrate b) Copper ink coating c) Laser sintering
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d) Insulator coating e) Laser ablation f) Copper ink coating
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. Copper ink . Copper
. Solder paste . Area-array chip

Fig.2 MLP process diagram, A-A view

of the insulator coating creates cavities for VIA. Another copper ink coating (Fig. 2f)
fills the VIA and provides copper nanoparticles for VIA and second-layer sintering. Laser
sintering of the second layer (Fig. 2g) sinters the VIA and conductive traces in the same
step. The process of applying insulating and copper ink layers (steps d—g) can be repeated
multiple times depending on the required complexity of the circuit and the number of lay-
ers. Finally, the process chain ends with contacting (Fig. 2h) by solder paste or conductive
adhesive and assembly with electric components (Fig. 2i).
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Table 1 Overview of the printing processes compatible with the MLP approach. Advantageous
properties are indicated by a plus sign, whereas a minus sign indicates disadvantageous properties.
Zero stands for neutral

Speed | Accuracy | Material efficiency | Process Investment costs
complexity
Ink jet [26] — — + 0
Aerosol jet [17] — 0 + — +
Spraying [27] 0 — 0 -
Dipping [14] + 0 — + -

2.2 Printing of Coatings

Printing with metal and insulating ink plays an essential role in the proposed approach.
A wide range of conductive (e.g., copper, silver, carbon nanotube, or platinum) [8] and
dielectric (e.g., UV-curing epoxy [14], thermal-curing epoxy [22], zirconium silicate [23],
barium titanate [24], or hexagonal boron nitride [25]) inks are available. Table 1 provides a
summary of the general advantages and disadvantages of the available printing processes.

The local printing processes (ink jet [26] and aerosol jet [17]) are particularly resource-
efficient but slow. In contrast, full-surface processes (spraying [27] and dip coating [14])
offer higher through put but have a higher material consumption. After the inks with con-
ductive ingredients are applied, the sintering process creates conductivity (e.g., thermal,
chemical, electrical, or photonic/laser). A full-surface dip or spray coating is preferred for
fast throughput and rapid adaptability. However, a local laser sintering process is required
if a full-surface coating is applied to the metal ink. Sintering in parallel using a flash
lamp is only compatible with local ink deposition processes. The focus of this study was
on full-surface ink deposition by dip coating and local laser processing. Nevertheless,
the described layer formation is also transferable to more material efficient local coating
techniques.

2.3 Laser Sintering

An essential advantage of the presented full-surface coating and local laser sintering
process is its flexibility because it is 100% compatible with 2D and 3D surface layer
generation at the same time. The laser processing of 3D components requires a opti-
cal scanner that includes three optical axes (x, y, and z) to move the laser spot along
the surface. Commercial laser systems already offer this hardware combined with cus-
tomized control software. A short energy input combined with fast cooling rates is one
of the main advantages of pulsed laser sintering. This makes the electrical functionaliza-
tion of temperature-sensitive components (e.g., polymers) possible. Laser sintering on 2D
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surfaces has been extensively researched for metal-containing coatings with silver [28]
and copper [29-31]. Because copper is less expensive than silver with similar electri-
cal conductivity, there are evident economic advantages for the laser sintering of copper.
Furthermore, rapid cooling circumvents the oxidation of copper during laser sintering.
The single-layer generation of conductive copper traces on additive manufactured primer-
pretreated 3D surfaces has reached 10% of the conductivity of elemental copper [14]. The
resolution of the conductive traces depends mainly on the adjustable focus diameter.

24 Laser Ablation

The first production step for VIA is the generation of a cavity. As shown in Fig. 2e, the
ablation of the VIA in the MLP process is also carried out using a laser. In contrast to
mechanical drilling, laser ablation of cavities can result in smaller VIA diameters [32].
Because the VIA size mainly depends on the spot diameter, laser ablation has a high
potential for miniaturization. The typical producible VIA diameters of standard laser sys-
tems for ablation in electronics range from approximately 100 pm (CO; laser [12]) and
25 wm (UV laser [33]) to less than 10 pwm (ultrashort pulsed laser [34]). The ablation must
result in a VIA shape that makes the following two steps of the process chain possible:
VIA coating (Fig. 2f) and sintering (Fig. 2g). Therefore, lower aspect ratios and a tapered
sidewall are preferable. Recently, it was shown that ablation of epoxy insulating layers
with a CO» laser results in a desirable parabolic-like sidewall shape. A special feature of
the CO, laser is that it can be used for ablation and sintering [12].

25 Laser Cleaning

Optional laser cleaning can remove residual copper ink using a higher laser power and
fast structuring speed [6]. Figure 3 shows the resulting process schematic diagram without
(Fig. 3a) and with (Fig. 3b) additional cleaning steps between the additive multilayer
process steps.

Cleaning results in a more homogeneous layer system consisting of only sintered con-
ductive tracks and dielectric insulator material. Thus, residual copper ink removal can
have a positive effect on the electrical characteristics and mechanical stability.
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Conductive trace Copper ink Insulation

3D substrate
a) Without cleaning b) With cleaning

Fig.3 Effect of residual ink cleaning on the MLP process result

3 Practical Demonstration

In the following subsections, the results from three test results are presented to demon-
strate the practicability of the MLP approach in different aspects. The results in Sect. 3.1
show a printed double layer on a planar surface. In Sect. 3.2, a multilayer printed con-
ducting layer on a 3D component is presented. Finally, a printed VIA between a PCB and
printed copper layer is shown in Sect. 3.3.

3.1 Printed Double Layer

The printed double layer was generated on a 3D printed (Stratasys, Enden260 VS) 2D
polymer substrate (vero blue). The resulting top view after the processing of both layers
is shown in Fig. 4a. A polished cross section (Fig. 4b) shows a clear separation of the
two layers (approximately 200 pwm). The insulation layer is variable regarding the layer
thickness. Smaller layer thicknesses are just as possible as larger ones.

Dip coating with copper ink, drying with a heat gun [14], and subsequent CO, laser
sintering (laser cutter—Epilog Fusion 32 M2 Dual, same parameters as in a previous
report [12]) created the first layer with conductive traces (red area). The copper ink used
was DM-CUI-5002 (Dycotec Materials Ltd.). An epoxy-based insulating layer (orange
area)—DM-INI-7003 insulator ink (Dycotec Materials Ltd.)—was then applied by hand
and cured with a broadband UV lamp (BlueWave 50 UV). The insulator was applied
by hand with a pipette to keep the ends of the traces of the first layer free to check
the conductivity later. Subsequently, another copper ink coating by hand with a pipette
and CO; laser sintering was used to create the second layer (green area). Resistance
measurements proved that no current flowed through the insulating layer, and the top layer
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a) Top view b) Side view

Fig.4 Printed double layer on a 2D surface

sintering did not negatively affect the first layer. This proves the general producibility of a
planar double layer using the presented MLP approach. Recent results [12] have already
shown that stacking five or more layers is possible by repeating the approach multiple
times.

3.2 3D Multilayer Device (MLD) Component

Next, the compatibility with 3D surfaces was tested. Figure 5 shows a 3D MID hearing
aid component before (Fig. 5a) and after (Fig. 5b) printing an additional insulation and
copper layer. The applied processing steps and parameters are similar to the previous
section, except for the insulator coating thickness (approximately 20 wm) and laser pro-
cessing. Laser sintering was performed with an Nd:YAG laser system (LPKF 160i) that
includes three optical axes (x, y, and z) to adjust the spot to the 3D surface. The sintering
parameters were the same as reported in [14].

As in the previous section, the second layer’s printing did not negatively impact the
first layer. The dielectric strength measurement showed a value well above 10 kV/mm.
The successful generation of the 3D multilayer device demonstrated the transferability of
the MLP process to 3D surfaces.
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Copper ink 2" |ayer
(Sintered copper)

LDS substrate
1%t layer (LDS)

a) 3D MID b) 3D multilayer device (3D MLD)

Fig.5 First practical demonstration of a real 3D MLD

3.3 Vertical Interconnect Accesses (VIA)

The following figure show two cross-sectional views of a PCB (first layer) with a second
printed insulator and a copper layer on top. The applied processing is similar to the first
double layer in Sect. 3.1, except that the first layer is copper from an FR4 PCB. Figure 6a
shows the resulting double layer with a printed insulation layer between the PCB copper
and printed copper. As shown in Fig. 6b, the insulator was removed by an additional local
CO; laser ablation (corresponding to Fig. 2e) before the copper ink coating to generate
a VIA cavity filled with copper ink. As shown in Fig. 2g, VIA sintering was performed
during the processing of the conductive trace of the second layer.

The VIA from the cross-sectional view in Fig. 6b has a resistance of 6 2. In the case of
an underlying PCB layer, ablation is highly selective for the insulation material. However,
creating a VIA on top of a printed copper layer with a thickness lower than 5 pm is
more demanding, but it has already been achieved by Overmeyer et al. in 2021 [12]. The
experiments resulted in a working VIA ratio greater than 99%. The additive manufactured

Insulation

1%t layer (PB copper)

-

FR4-PCB + 100 pm

a) Double layer without VIA b) Double layer with VIA (6 Q)

Fig.6 Printed VIA on a PCB (first layer)
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copper VIA reached a mean internal VIA resistance of 1 €. Further improvement of
the VIA process should make even lower resistance possible in the future. Sintering of
the conductive layers and VIA in one process step (corresponding to Fig. 2g) creates
beneficial synergy effects.

4 Product Design

The MLP approach results in new possibilities for product design. This section presents
an illustrative MLD demonstrator of a controllable 3D LED array on a freeform surface.
The function of this device is adjustable multidirectional illumination of test specimens.
Consequently, the shadow cast by an undercut can be circumvented. A multilayer structure
is required to integrate the densely packed LED and control electronics, including fine-
pitch BGA packages. Therefore, the proposed design includes four printed copper ink
layers. The fully additive process chain (3D printing of the substrate and consecutive MLP
process) enables the customization of the shape of the 3D LED array for possible test
specimens. The multilayer on the 3D component surface connect the control electronics
on the convex component top side with the LED on the concave component bottom side.
The spatial view of a sample design is depicted in Fig. 7 including two additional enlarged
views.

Depending on the test object, the 3D LED array component could contain more than
100 individual LEDs, controlled independently by a microcontroller and several LED
drivers. The LEDs are mounted very closely together to achieve as many illumination
angles as possible. The other components required are LED drivers and a supply circuit
(not included in the schematic diagram). A possible application of the 3D LED array could

Legend:

B 3D substrate
Multilayer

B Insulator

B Copper ink T

B Copper T, SO AE—

Microcontroller .-

Camera
(symbolic)

3D test specimen LED package

(e.g., QFL package)

Fig.7 MLD 3D LED array for controllable 3D illumination
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be automated optical inspection. The presented product type (3D MLD with more than
four conductive trace layers on the surface) cannot be manufactured using technologies
other than MLP.

5 Conclusion

The novel MLP approach presented for manufacturing multilayer conductive structures
on 3D spatial surfaces represents a new multilayer MID technology. This process can
potentially assist the continuing miniaturization of smart devices by substituting HDI-
PCB boards with integrated multilayer circuits on the component surface. One benefit
of the current technology is the versatility of the gemeotrie. As shown in this study, the
proposed method is suitable for 2D and 3D surfaces. The process exhibits high variability
because different conductive inks, insulators, and substrate materials can be used for the
MLP technique. Finally, the described controllable 3D LED array on a freeform surface
shows the new degree of freedom that can be achieved with the described approach. The
study of the feasibility of the presented design is the focus of our future research.
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Abstract

This study presents an automated approach that identifies suitable geometric struc-
tures in CAD-data for functional integration. Assemblies are processed and analysed
in conjunction with a product’s ERP data through filtering processes and classification
algorithms. The main focus is on classifying parts regarding their degree of freedom to
identify those that allow or restrict relative movement. With this information, the devel-
oped approach can recognize static associations of parts without relative movements
via modularity optimization. The automated recognition of these static part groups cre-
ates starting points for the development of functionally integrated parts for Additive
Manufacturing. Finally, it is shown that Additive Manufacturing can be beneficial for
the economic production of these parts.
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1 Introduction and Motivation

Constantly increasing complexity due to rising performance requirements in the develop-
ment of new products requires a focus on the function-optimized design of parts. With
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its ability to produce complex part geometries, Additive Manufacturing (AM) can play a
vital role in the future. Parts can increasingly be designed towards their optimal functional
fulfilment due to the increased design freedom and fewer manufacturing restrictions com-
pared to conventional manufacturing processes. This applies not only to individual parts
but also to entire assemblies, which can be redesigned regarding the integration of addi-
tional functions or the consolidation of adjacent parts. Goals such as higher performance,
reduced material usage or a reduction in the number of parts are often at the centre of
this functional integration (FI) design process. A reduction in the number of parts can
help to cut assembly costs and benefit processes alongside production, thus also offering
economic advantages for companies [1-3]. The integration of industrial additive manu-
facturing processes in production facilities is tied to high investment costs. Therefore,
the selection of suitable use cases in the product portfolio of a company represents a
fundamental challenge and a necessity for the economic incorporation of AM processes.

2 State of the Art

For the detection of use cases for AM different methods can be applied in practice
nowadays. The majority of approaches are highly part-focused and aim to assess various
part-specific metrics in a rule-based way to derive potential for AM. Further, knowledge-
based data science methods such as machine learning (ML) are increasingly gaining
popularity in automated analyses and optimization of parts for AM [4]. However, methods
for identifying use cases for FI are not yet fully mature, so that it is often only carried out
on small scale or at great effort. Required competencies for a holistic view are often still
unavailable in many small and medium-sized companies in mechanical engineering [5, 6].
In the following, a brief overview is given of current data-based identification methods
and how initial approaches to identifying potential for FI have been derived.

2.1 Approaches of Part Identification for Additive Manufacturing

The selection of parts to be manufactured by AM is a non-trivial and often tedious process
due to the quantity and variety of available data in product development [7-9]. Many
approaches to portfolio screening for use cases specialize in part-specific indicators such
as size or material [10, 11].

In a recent review, Bracken et al. examine ten commonly used part screening meth-
ods for an AM use case identification in industry. A gap in the current state is revealed
regarding a holistic view that goes beyond a mere consideration of part parameters. The
examined methods each only consider subsets of central criteria regarding part identifi-
cation. FI is mostly considered as secondary objective and its potentials are not explored
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extensively. Further, the described approaches need to be carried out under manual super-
vision. Therefore, getting started with AM is still difficult and uneconomical for many
companies. Future research activities are envisioned in the area of automation in part
selection through algorithms and ML [12].

This is also supported by Langefeld in a study on the application possibilities of AM
[7], as well as in the roadmaps towards automation in the AM sector by the VDMA [8,
9]. The summarised goal is described as solution for companies to quickly find economic
use cases in portfolios without having to rely on individual expert knowledge.

In this context, interdisciplinary research initiatives are increasingly focusing their
work to develop data-based methods in the field of part identification for AM. Published
research approaches of applying artificial intelligence (AI) have already demonstrated
promising results. ML approaches can successfully classify 3D geometries based on their
complexity to identify parts to be considered for AM [13]. Furthermore, restrictive indi-
cators for AM can also be determined based on 3D geometric data and used for potential
ML applications. The “AMFI — Additive Manufacturing Feasibility Indicator” enables the
evaluation of the manufacturability of parts and its potential usage as data-label for Al
application [14]. The measure can also be integrated into state-of-the-art model-based
development processes [15].

As interim conclusion, it becomes clear that approaches to finding individual parts for
AM can be successful and well automated with the support of emerging Al methods.
However, most approaches described primarily search for individual parts and consider
potentials for groups of parts merely as accessory.

2.2 Identification of Use-Cases for Functional Integration

Examination of the state of the art regarding approaches that specifically seek potential
for FI reveal a more concise number of available studies. Literature often refers to part
consolidation in context of FI — both terms are mostly considered synonymous in literature
and also for this study.

The early approach by Reiher et al. addresses the issue of part consolidation checks
in assemblies. A part is selected for AM based on other potentials like described above
and adjacent parts to this initial part are evaluated for FI [16]. Currently, approaches like
this are most prevalent in practice of FI since the primary evaluation of potentials for FI
is a rather complex problem. In industrial practice, no ready-to-use procedures have been
established yet.

However, approaches in research state are already developing first solutions. The
research team of Yang et al. present an approach [17] that uses a graph-based prop-
erty network utilizing part properties and contact properties between adjacent parts to
analyse potentials for FI systematically. Criteria such as build space, material, electric
function, expected lifetime, mountability and degrees of freedom are allocated to parts
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Fig.1 Approach of finding candidates for AM part consolidation by a applying modularisation
algorithm and b property- based division into groups regarding feasibility [18]

and their contacts. Individual parts and connections that are unsuitable for FI are detected
and removed within the scope of the property network. Finally, only well-suited parts for
FI remain in the solution space. The estimation of properties like lifetime or mountability
is effortful and the whole process is rather complex and time-consuming for huge assem-
blies. For this reason, a modularity-based decomposition is used to separate complex
products into modules potentially suitable for consolidation [18]. The modularity analysis
realises a preselection of part groups with probability for FI use cases. The process is
shown in Fig. 1.

3 Need for Research

The presented state of the art indicates the need for further research into methodological
approaches to support identification of use cases for FI that might be suitable for AM.
Developing a generally applicable method in a constantly evolving field of technology
such as AM is a challenging task.

The procedure of Yang et al. [17, 18] already provides promising first steps for the
systematic identification of use cases. However, there is still opportunity for improvement
to provide an efficient foundational approach. The presented method mostly depends on
implicit, individual knowledge of engineers who are aware of the functional and tech-
nical context of focused products. The required effort to generate a property network
is time-consuming. Additionally, parts are usually redesigned when AM is used, so that
implemented properties such as material might be changed. Therefore, neglecting parts
for FI on the basis of such properties limits the solution space inadmissibly. Also, mod-
ularity is not always suitable for pre-selection of assemblies, as it does not necessarily
represent the functional relationships within a product.
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To conclude, there is a need for an enhancement for the identification of part groups
for AM. In order to provide a robust approach, a method is proposed in this study that
operates on the basis of geometric properties and the degrees of freedom (DoF) of parts.
DoF play a fundamental role in deciding whether two parts can be combined into a solid
unit. Consolidating two parts with different relative motion is rarely technically expedient,
which is why DoF serve as a more robust criterion compared to modularity. Further,
changes in DoF occur only rarely when a functional redesign of products is pursued. In
addition, the criterion enables the division of a data set into small groups that can be
considered in isolation with regard to additional factors. This reduction of the solution
space efficiently supports a subsequent evaluation of the groups for FI.

The research hypothesises of the study therefore claims that parts holding a static
bond with other parts within an assembly of a product, and accordingly have no relative
degrees of freedom to each other, are suitable use cases for FI and can be considered for
optimization and manufacturing using AM.

Thus, the aim of the study is to develop an identification method of part groups in CAD
datasets that are in a static association and therefore potentially suitable for functional
integration. Thereby it is intended to provide support for the essential identification of
AM use cases.

The main research question arises from the hypothesis and goal statement and is
divided into three sub-questions to be answered in this study.

e How can part groups with potential for functional integration be identified by the
degrees of freedom in their connection in CAD assemblies?
— Which elements are restrictive for a static connection between parts or favour it?
— According to which criteria is it possible to classify these elements into groups?
— How can static part groups be identified in the classified data set?

4 Methodical Approach and Materials

The starting point of the data-based process for evaluating FI as shown in Fig. 2, is formed
by the CAD- and ERP- data of a technical product. The process is divided into four steps
described in this section.

At first, the entire product is analysed to identify assemblies that are most likely to
contain suitable use cases for FI due to the geometric proximity of parts. Afterwards, the
identified assemblies are filtered by connecting the ERP-data with the CAD-files. Sub-
systems, mainly supplier parts such as electric motors, hydraulic pumps or other closed
purchase units that are unattractive for FI in this context are identified and removed from
the product structure (PS). This step facilitates the evaluation of the remaining assembly
in terms of relative movements.
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Fig.2 Methodical approach for the identification of part groups with potential for functional inte-
gration

The approach of this study differs from existing approaches, since DoF are assigned a
fundamental importance for the recognition of static groups and their automated analysis.
To achieve this, parts are classified in terms of their DoF as next step. This involves
defining groups of parts that typically have internal or external DoF, or which fulfil a
connecting function and thus restrict DoF. From the collected information in CAD and
ERP data, products can be analysed according to these specifications and the information
about the part classes can be integrated into the graph of the PS.

The graph of the PS can be separated at the corresponding joints where relative move-
ments occur in the third step, when the part classification is complete. Thus, the PS is
further reduced and broken down into groups without relative movements.

By performing a modularity analysis in the fourth step, the static groups can be output
in the data. Finally, proposed part groups can be reviewed with regard to further functional
and technical criteria for AM application.

The methodological approach is conceptualized to ensure applicability to a wide range
of industrial data sets. The main focus is primarily on technical products from small
and medium-sized mechanical and plant engineering companies. In the following, the
example of a gearbox is used for illustration and an example from an industrial project
is used to validate the approach capabilities. Internal data of the company is presented
in an alienated form for data protection. The application of the method requires two data
sets: the CAD data of the product under consideration and related information from ERP
data. The data format used in this study is the commonly used STEP AP 214 exchange
format for CAD-files. Data from the ERP system associated with the product is used as
Microsoft Excel sheets to ensure broad usability of the approach.

4.1 Advanced Filter Structure for Preselection of Suitable
Assemblies

The automated preselection of suitable assemblies for FI aims to reduce the amount of
initial data to simplify subsequent process steps. Selection criteria used for preselection
build on geometric factors aiming for relevant AM part properties. A formal definition
of an optimization function J for preselecting CAD-assemblies is intended. Due to the
high costs and the limited build space of AM-processes, small parts with low volumes are
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particularly favourable for AM. For this reason, (1) part volume, (2) bounding box volume
and 3) arithmetic distance to adjacent parts are used as cost criteria for a first delimitation
of the considered part spectrum. Further criteria can potentially be integrated into the
function likewise, however the ones mentioned are assessed as sufficient for the objective.
To increase the assessment of FI, the degree of cross-linking is defined as part property
and represents the number of parts that one part is connected to. This parameter represents
a suitable criterion, because larger numbers of connected parts increase the probability for
suitable parts for FI. Conversely, the degree of cross-linking is insufficient as cost criteria,
because unsuitable parts for AM like large sheet metal parts can own a high degree of
cross-linking as well. Therefore, it is used as weight factor. The optimization function J
(1) accordingly consists of the cost criteria Ck and one combining weight factor G.

1 n
Ji= —— G%Ck,- ()
Y G? ; ’

For a combination of the values Jk the 2-Norm is used. Technical products typically
consist of different kinds of assemblies. There are assemblies consisting of only few parts
with large dimensions, as well as assemblies containing many small parts with compact
distribution. Due to present limitations of the dimensioning of AM parts, compact groups
are primarily focused. To address this aspect, the term of J is divided by the total number

of parts n (2).
1
J=—\JIt+ I3+ 13 )
n

For any given dataset, J can be calculated for each assembly and the results can be
presented as shown in Fig. 3 in the left diagram. The parts of the whole product can
additionally be represented as digital points for a visual support of the user in CAD.

Overall, the minimization of J leads to an identification of assemblies with a great
accumulation of small parts in small building volumes. ASM_1 has the lowest values for
J and a high density of small parts. By focusing on individual assemblies in this way, the

Preselection

Result of the 6-p;timiza-1{i-on fu-r;ction J _I_ —

Fig.3 Schematic procedure for pre-filtering to find assemblies of focus like the gearbox [19] shown
as example
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subsequent process steps can be carried out more efficiently. The presented preselection
approach based on mentioned criteria is primarily suitable regarding capabilities of today’s
industrial AM systems. The following consideration regarding DoF for FI on the other
hand, are independent of manufacturing processes.

4.2 Part Classification According to Degrees of Freedom

The classification of parts according to specific part properties plays a major role in
the evaluation of FI. It is easy to examine numerical properties like size or part vol-
ume directly from the datasets. More challenging is the extraction of information that
is implicit. For example, the distinction whether a part is manufactured in-house or pro-
cured usually cannot be extracted from CAD files. The same applies to knowledge about
product functions, like existing relative movements between parts. Two approaches are
discussed to obtain such tacit information:

1. Artificial Neural Networks
2. Semantic investigation of the part names

In general, it is possible to train neural networks with labelled CAD or ERP data to extract
tacit knowledge like it is done in [13] for a single part analysis in terms of AM. But it
is required to train a neural network for each identification process separately. For this
reason, the effort is exceptionally high for a collection of identification processes such as
would be needed in this approach.

Therefore, a semantic investigation is further exploited in this study and relates to the
naming of parts and the tacit knowledge contained therein. Typically, part numbers and
names are assigned in most companies to allocate parts in ERP data. Also, parts can be
designated with prefixes that reveal information about certain part properties (e.g. ASM—
Assembly, SP—Standard Part, EL—Electric Part). When company-specific designations
are derived, knowledge about the functional context can be gained. In this way, parts of
special interest groups can be recognised in ERP and linked to CAD data.

As stated before, the DoF is an elementary part property in the application of FI. Two
parts that perform relative movement to each other cannot be consolidated in a static
group. Static groups are considered as collections of parts that are connected in the PS
and perform the same movement. For example, a shaft, a gear and a feather key can be
part of the same static group.

Three major part groups are defined as relevant for the classification regarding the DoF
(see Fig. 4). In principle, separating or connecting functions of parts represent the central
criterion for classification. The group of separating parts is further divided into parts with
internal DoF and external DoF. Part groups with an internal DoF like bearings, springs or
dampers typically appear as single part in the product data and cause a relative movement
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Fig.4 Overview of different part classification groups with examples

between two (or more) connected parts. In contrast, parts with external DoF occur as a
pair, like gears that exhibit a relative movement to each other. In addition, parts restricting
DoF such as screws are considered as third classification group.

4.3 Separation of Elements in Product Structure

By correctly assigning all characteristic parts, the assembly can be separated into static
groups and considerations in terms of FI can be focused on identified groups. For this
separation, characteristic parts with relative motion can be removed from the PS because
they cannot be assigned to a static group. The process is visualized in Fig. 5. The proce-
dure is automated via the NXopen API in the CAD-Software Siemens NX. Algorithms are
implemented to obtain the PS automatically and transfer it as adjacency matrix to Excel
for further processing. Subsequently, the extracted matrix is processed in the open-source
graph analysis tool Gephi. Gephi provides methods to visualize, analyse and process
graphs [20]. In the graph of the PS parts are represented as nodes and the connections
between parts as edges. The model and the PS of the gearbox is given in Fig. Sa.

The presented characteristic parts with internal DoF are drawn from ERP data and the
knowledge is transferred into the graph. Looking into the example, the only relevant term
for parts with internal DoF is “bearing”. Other part classes with external relative move-
ment like “radial shaft seal” can be processed in an equivalent manner. In the example,

a) PS of Product b) Classified Graph of PS c) Separated Graph of PS
. e® e®
L © 0® o 9@
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Fig.5 Derivation of the a product structure with b representation of the classified parts and ¢
unravelled PS
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part names are determined by semi-automatic analysis of the assembly data. With regard
to analyses of larger amounts of data is beneficial to create a standardised list of the
characteristic terms from ERP data for classification.

Characteristic parts with internal DoF are removed in the graph of the PS when classi-
fication is complete. The effect is shown in Fig. 5b, c. Similarly, edges between two parts
with external DoF can also be removed.

4.4 Modularity of Product Structure to Find Static Groups

Even though the removal of the identified parts might not lead to a complete partitioning
of the assembly into static groups, the linkage between different static groups is weakened.
The separation of all pairs of parts with external relative movement theoretically leads to
the definition of static groups. Nevertheless, it can be assumed that not all characteristic
parts can be found. On the one hand, no integrity can be assumed for the collection
of part names used, and on the other hand, the CAD data occasionally contains errors.
However, the topology of the graph of the PS generated in Fig. Sc is well suited to support
automated identification of static groups by a modularity analysis. The Louvain-algorithm
for extraction of communities from networks, available in Gephi, is used to achieve the
separated outcome of the PS highlighted in Fig. 6a.

Static groups with potential for FI can be found in the present product for example in
the yellow marked gear shaft group (see Fig. 6b). The part shown in Fig. 6¢ illustrates an
example how a FI variant of a gear shaft can be designed. Parts like shaft and gearwheel
are integrated into one single part, alongside with channels for the supply of lubricant
[21].

5 Results

As result of this study, following aspects can be stated regarding the developed approach.
Products can be pre- filtered solely on the basis of geometrical information in CAD data

a) Outcome of Modularisation b) Potential Group for FI  c) Example of Fl of a gearshaft

Fig.6 Workflow after performing a modularisation algorithm on reduced PS to b select potential
parts for FI to ¢ develop an exemplary part using FI [21]
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to focus the scope of consideration to relevant assemblies. The classification of parts
according to their DoF is expedient to narrow the dataset for the identification of static
groups with suitability for FI. For the separation, the assignment of parts into charac-
teristic groups with fixational function and internal or external DoF is favourable. The
division can be automated by classification algorithms that draw information from the
part designations in ERP lists. The result of the classification can be mapped to the graph
of the PS to support visual traceability of the separation of the graph at nodes (parts with
internal DoF) or edges (connections between parts with relative DoF). Static part groups
can successfully be identified in conclusion by modularity in the PS graph and visualised
in CAD.

The algorithm successfully provides a basis for identifying possible use cases for FI
by dividing the entire solution space into isolated part groups. Whether identified groups
are ultimately suitable for FI needs to be further evaluated from a technical and economic
point of view.

In the following, the application of the developed approach will be validated based on
an industrial example and the result will be discussed.

5.1 Validation and Discussion

The company’s internal data for validation will only be presented in an alienated form for
reasons of data protection. For the identification of AM use cases, CAD datasets as well
as the associated ERP data are provided to perform the method flow presented in Fig. 2.

Company-specific prefixes are considered when classifying the parts to ensure correct
allocation. The result of the method application is shown in form of the classified graph
of the PS after modularisation in Gephi in Fig. 7a. Static groups only consisting of parts

a) Resulting PS of applied Algorithm  b) Selected Use Case c) AM Part Optimization
-~ . b - Topology Optimization
Fa b ey . y (_ - Generative Design

1% v g ol (
Q»f ek ¢ a-; AN
! ‘AS N
s > VA ./‘.g' '.; d) Production Preparation for AM

Fig.7 a Application of the developed approach to an industrial project example with the b subse-
quent use case selection, ¢ part optimization using functional integration and d production prepara-
tion for AM
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without relative movement are visibly separated by the algorithm to support use case
selection. The use case shown in Fig. 7b is chosen for optimization regarding FI for
AM. Various optimization workflows can be carried out at this point, such as topology
optimization or a complete redesign by generative design, based on active surfaces and
load cases. After production preparation in manufacturing specific software, the cost for
AM can finally be estimated.

In the example, savings in manufacturing cost of 43% can be achieved compared to
conventional manufacturing. Besides a technical improvement, the redesign of the part
utilizing FI combines eight of the previous parts into one single part. This also raises
potential to save costs in terms of storage, logistics or overhead. However, it needs to be
noted that the presented cost comparison cannot be seen as generally valid, but always
needs to be determined on a company-specific basis. There are many internal factors like
existing process capabilities or hourly rates that can vary greatly among industries.

6 Summary and Outlook

To summarize, a methodical approach is presented that enables use case identification
for functional integration to support design optimization with regard to AM. The analy-
sis of CAD and ERP data sets with respect to the degrees of freedom of parts plays a
fundamental role. Based on the classification of parts, CAD assemblies and their product
structure can be processed via modularisation to unveil part groups that can be combined
as static compound. The validation further reveals that these part groups are suitable as
starting point for optimization processes regarding functional integration and AM can be
beneficial from a technical and economic point of view. Looking ahead, possibilities for
refinement of the presented approach appear. For example, part classification purely on
geometrical data basis is conceivable to reduce the dependency on fully maintained ERP
data. For this purpose, part classification methods need to be enhanced. In the future,
fully automated classification by more capable ML algorithms is envisaged. Those can be
trained to recognise characteristic part classes and integration into the presented approach
is designated. Furthermore, it can be helpful to re-evaluate used data types. For example,
the STEP AP 242 as standard for model-based product development offers more exten-
sive analysis options. This way contextual information about connections like tolerances
could be considered. In general, advances in digital tools are needed to support the process
of redesigning parts and assemblies for AM. Besides methods for evaluating feasibility
which can be applied in subsequent process steps (see Sect. 2.1), there is a lack of time-
efficient and accurate cost forecasts tools to additionally incentivise the consideration of
AM already in early stages of product development.
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Abstract

Recent growth of the microfluidics technology field and its applications demands more
modular, flexible, reliable, easy to use and complete solutions. One key component in a
microfluidic system is the section in charge of propelling and controlling flow through
the microfluidic chip, this consists mainly of an impulsion (actuator) part, a sensor
to read a signal and feed it to the actuator which modifies flow, and a closed control
loop to set the desired operating point. Present solutions are not completely integrated
as a final product to the user, but merely as a group of components which need to
be coupled. The approach presented here provides one single plug and play device
for liquids. Users only have to connect it to the hydraulic circuit of their microflu-
idic system and define a flow rate set point to start their experiments, thus avoiding
setup difficulties. This microfluidic flow rate control device consists mainly of an elec-
tronics control board and a fluidic section composed of sensors and actuators. For
the latter component, DLP 3D printing process of additive manufacturing was used
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as a rapid prototyping tool, going from conceptual design to a final product in a few
months. Feedback between real performance and numerical modelling allowed oper-
ation improvements in the equipment thanks to fast prototyping and testing capacity.
Finally, a fully integrated plug and play system which controls flows in a range of 10—
1000 pL/min with a£ 1 pL/min resolution and easily coupled to microfluidic lines is
obtained. In summary, additive manufacturing contributes not only as a tool to build
new ideas, but also to optimize an already designed device, thanks to reduced costs
and simplified fabrication processes for complex three-dimensional structures.

Keywords

Microfluidics « Vat photo polymerization « Microfabrication

1 Introduction

Microfluidics applications in research areas, requires precise and reliable control systems
able to reach a flow rate setpoint rapidly and maintain stable behavior during operation.
A plethora of applications require flow control solutions in microfluidic systems. Those
related with synthesis of new pharmaceutical compounds [1] involve specific flow rates
in the order of microliters per minute to obtain the higher efficiencies and purities. Some
others as rare earth elements recovery by liquid-liquid extraction processes [2], some of
which can even avoid the use of a membrane as a physical separator between liquids
[3, 4] provided a stable flow rate is achieved in order to prevent multiphase flow due to
interface collapse. Biological applications such as dynamic cell culture to understand bone
regeneration processes [5] demand specific flow control to avoid cell cluster disintegration
due to high shear stress, others such as flow cytometry need stable flows to ensure proper
functioning of the sensors in charge of detecting physical and chemical characteristics of
the cells or particles [6]. Although not exhaustive, this list provides a flavor of what is
expected of microfluidic control systems and how these requirements may evolve in the
near future.

Microfluidic control systems are mainly composed of an actuator impulsing the fluid
integrated with a sensor monitoring the fluid in real time (e.g. flow rate) and feeds that
information to the actuator in order to adjust its operation parameters. This process is
iterated until the sensed value and the setpoint defined by the user match within a given
tolerance. In present available commercial solutions, actuator and sensor are usually not
integrated. While there are easily integrable commercial sensors at the microscale (e.g
flow meters or pressure sensors), this is not the case for most actuator pumping systems.

Some of the fluidic pumping systems commonly used in microfluidics applications are
those resorting to the principle of pressure driven flow [7]. While exhibiting a high level
of flow rate control, these are very bulky and require special valve configurations in the
system to operate in closed loop due to the pressurized inlet tank, which increases size and
programming complexity. In the classical approach for pumping systems in microfluidics,
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syringe and peristaltic pumps are employed. These are able to provide higher flow rates,
but their sizes are still large, with great miniaturization and portability difficulties, and
fluidic pulses are inescapable [8, 9]. Some solutions such as electroosmotic pumps [10] or
magnetohydrodynamic pumps [11] are limited in their application owing to the properties
of the fluids that may be used. More compact and versatile solutions for microfluidics
are high frequency piezoelectric pumps [12, 13], their main advantages are low energy
consumption, low cost, and easy integration in line on chip scale.

Despite its novelty as a technological field, spanning just two decades of truly rel-
evant advances, microfluidics has demonstrated its potential and advantages mainly in
analysis of samples, allowing small quantities of samples and reagents with high res-
olution and sensitivity, low cost, and fast processes [14]. The most common approach
for the manufacturing of microfluidics devices has been similar to that followed in the
microelectronics industry, mainly photolithography and associated technologies as e-beam
evaporator, plasma etching, chemical etching, among others. However, these techniques
are best suited for two dimensional designs with relatively low aspect ratio, thus pos-
ing significant limitations in the three dimensional structures that can be built. To build
multilayer devices that enable more complex three dimensional structures have been
done previously to overcome this drawback [15]. Recent advances in 3D printing tech-
nology, especially those related to vat photopolymerization as Digital Light Processing
(DLP) and Stereolithography (SLA), has allowed direct generation of monolithic, enclosed
microfluidics complex structures thanks to improved resolutions in manufacturing devices.
Nowadays, these have become a more common approach to manufacture microfluidics
components, at least at the prototype level [16, 17].

The aim of the present work is integration of commercially available piezoelec-
tric pump and flow sensor components through a software embedded control, and the
improvement of performance by adding a so called variable resistor built by additive
manufacturing process of DLP 3D printing. The paper is organized as follows. In Sect. 2,
the initial stage of the conceptual design for the microfluidic flow rate control device
and manufacturing methods to develop it are introduced. In Sect. 3, integration of the
commercially available components without the variable resistor is tested, followed by
addition of the variable resistor to compare the performance, finally a model to charac-
terize structural behavior is developed and used to generate a new optimal design for the
variable resistor with the desired performance. In Sect. 4, the final product is manufac-
tured and its response compared with other commercially available common solutions for
microfluidics control to demonstrate its improvement. In Sect. 5, the main conclusions of
the analysis are presented.
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2 Conceptual Design and Manufacturing
2.1 Fluidic System

Fluidic system is the hardware component of the equipment in direct contact with the
fluid. It consists of the components shown in Fig. 1, involving for the final setup a piezo-
electric micropump propelling the fluid at an initial gross flow rate near the desired value,
a variable resistor to fine tune it through a controlled pressure drop in the fluid, a flowme-
ter which senses and feeds the information to the control system in charge of varying
actuator operation parameters (i.e. micropump and variable resistor) through the electron-
ics to reach the setpoint defined by the user, and a pressure sensor providing additional
pressure drop data in the fluid line.

Piezoelectric micropump and flowmeter are commercially available and directly inte-
grated in the fluidic system. For the fluidic connector of the pressure sensor, the variable
resistor, and the scaffold structure for all the fluidic system components, 3D printing vat
photopolymerization additive manufacturing was performed, specifically a DLP printer
Asiga MAX X27 with an XY pixel resolution of 27 pm and a minimum resolution in the
Z direction of 15 pm was used. Two different commercially available resins were used
to build the fluidic system structure shown in Fig. 2, Moiin Tech Clear transparent resin
(Moiin, Germany), and Excellent Resins Lightning Gray (Litholabs, Germany).

Details of the variable resistor are shown in the left hand side image of Fig. 2. It is
a typical quake valve design as the original one presented by Unger et al. [18], but with
improvements in the design and manufacturing process. The classical approach to build

Prototyping Board

- - s z
v 3 [
Variable Resistor Flow Sensor Pressure Sensor

Microfiuidic
Chip

Pumging Actuator |

Fig.1 Conceptual design of the fluidic system where the microfluidic chip (blue color line) con-
taining all connections between elements and the variable resistor are integrated
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Fig.2 CAD design (left hand side image) with labels for the different connection ports and details
of the variable resistor: (1) fluid inlet, (2) micropump inlet connection port, (3) micropump outlet
connection port, (4) micro flowmeter connection port, (5) micropump outlet connection port, (6)
micro compressor connection port, (7) variable resistor detailed in the circle image with the fluid
indicated by blue arrow and air indicated by grey arrow, (8) fluid outlet, image (a) is a front view
of fluid line in blue color with a lateral view of compressed air line in grey color, image (b) is a lat-
eral view of fluid line in blue color with a front view of compressed air line in grey color. Final 3D
printed microfluidic chip (right hand side image)

microfabricated devices as the one presented here involves different processes such as
UV Lithography and PDMS replica molding to obtain layers that must be stacked later
in order to obtain the final product. Precise layer alignment in these methods introduces
a great deal of complexity as well as the challenge of obtaining leakage free sealings
and the requirement of remarkable lifetimes from the thin layers of elastomer if long
term usage is intended. A more industrial scale approach such as micro injection molding
avoids alignment and sealing difficulties, but it also adds the expensive costs of generating
molds for structures that are but mere prototype iterations. All these drawbacks can be
overcome through using DLP 3D printing, which generates a monolithic variable resistor,
while allowing for the generation of many different testing prototypes in a short period
of time. It also reduces investment costs thanks to the low price of raw materials and the
inherent maskless, mold-free nature of this technology.

The operation principle of the variable resistor requires a compressed air line con-
nected to a control micro channel which is orthogonal to the fluidic channel, both are
separated through a small membrane in the order of 100 pm at their contact point.
Increasing air flow rate in the line leads to increased air pressure inside the control micro
channel, thereby deflecting the membrane and reducing fluidic line cross section, ulti-
mately increasing the pressure drop across the fluidic channel. In the present research,
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variable resistor geometry is the one presented in Fig. 2. Membrane thickness is optimized
to obtain the desired flow control device performance through the process explained in
Sect. 3.3.

2.2 Electronics and Control System

Electronics were designed to control the microfluidic response based on the active ele-
ments, sensors and other fluidic elements previously mentioned. Active elements and
sensors of the system need dedicated electronics for its use, and its integration with the
Microcontroller Unit (MCU) by different interfaces. Single drivers were designed for each
element and tested individually. Initial designs were prototyped decoupled from the rest
of the electronics and directly operating with the single element, an approval test of the
driver with a reference MCU was performed. These electronics were evaluated, redesigned
and iterated at convenience, and initial calibration parameters were obtained for further
use in the set integration.

After all elements were tested with the reference MCU individually, final MCU require-
ments for the complete integration were defined based on a computational cost estimation
of control algorithms, signal treatment, and filtering; a new MCU, RAM memory and
flash ROM memory were selected. Finally, interface architecture was defined, contain-
ing digital and analog input/output pins, drivers for embedded systems communication
protocols (such as I12C, UART or SPI) and a driver for serial USB communication with
an external computer. With all the hardware defined, a complete electronic board was
designed following the scheme shown in Fig. 3. Considering this structure, the ele-
ments layout, electric connection schematics and other drawings were generated for board
manufacturing.

Regarding the embedded software, its control algorithms and data filtering, the iterative
process is similar to the hardware one described. When testing and iterating the individual
drivers some control or calibration parameters are obtained with partial adequacy. After
the hardware of the board is manufactured and the electric response validated, the software
is developed with a first version using parameters from the individual tests. Concerning
sensor data filtering, values of these parameters are still optimal since the integration does
not introduce any change in the response of the signal. Nevertheless, control algorithms
and parameters of the actuators need to be readjusted for the combined dynamic response
of the system, and because the control algorithm is redefined. Other parameters needed
such as some drivers adjustment of the control variables can still be used with the same
previous values.
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Fig.3 Conceptual design of the electronic elements of the board and its relations (Arrows indicate
information flows)

3 Integration, Testing, and Optimization

3.1 Initial Setup

The initial setup involved only integration of commercially available elements (i.e. piezo-
electric micropump, flowmeter, and pressure sensor), not including the variable resistor
later built by additive manufacturing. The idea of using a piezoelectric micropump to pro-
pel the liquid and closing the control loop with the information from a flowmeter sensor
is shown in Fig. 4. Active pumping actuator (i.e. piezoelectric micropump) and sensors
were tested individually and connected between them through flexible tubing, a prototyp-
ing board was adapted for the control and regulation of the actuator and filter of the read
data (Fig. 4).

Performance was evaluated, obtaining a behavior not compliant with the requirements
needed for most applications in microfluidics. Fig. 5 shows a flow rate sweep between the
minimum and maximum flow rate corresponding to this initial setup without the variable
resistor. Some drawbacks of this configuration are significant flow pulsation for a fixed
value of flow rate, flow rate range unsuitable for common limits in microfluidics applica-
tions, with maximum values superior to the typical 1000 pL/min, and unsatisfactory flow
rate resolution, with actuator step changes of around 10 pL/min instead of the desired 1
pwL/min. Hysteresis processes may be ascertained by inspecting flow rate range, minimum
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Fig.4 Conceptual design of the initial setup
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Fig.5 Full range test control at different setpoints for the initial setup
flow rate value is below 1000 pL/min with the minimum pumping power at the beginning

of the process, but it increases after reaching the maximum flow rate value and returning
to the minimum pumping power, leading to a value which is above 1000 wL/min.

3.2 First Prototype

In order to sort out the problems present in the initial setup, a microfluidic chip was
manufactured using DLP 3D printing additive manufacturing. It incorporates a second
regulating actuator called variable resistor to adjust the flow rate range to the desired one
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and increase flow rate resolution. New fixed microfluidic connections inside the scaffold
of the fluidic chip, specifically adapted to the elements of the microfluidic control device,
constitute a major upgrade with respect to the initial setup, thereby preventing changes in
circuit pressure losses and mitigating hysteresis processes. More stability is achieved in
actuators and sensor response, since the design of this fluidic circuit is adjusted to reduce
pulsation of the liquids after the pumping section.

The variable resistor is actuated by a commercial compressor allowing to generate
a micro airflow at a desired pressure. This pressure is used to reconfigure the internal
shape of the resistor, and subsequently change the pressure drop and flow rate across the
liquid circuit. The complex structure of the variable resistor is manufactured by 3D DLP
printing technique, not only because it introduces high precision and low tolerance, but
because it has internal 3D conduits that other precise manufacturing methods such as UV
lithography are not able to produce in one single enclosed piece.

It can be seen in Fig. 6 that some drawbacks of the initial setup have been improved.
Flow is more stable and regulation more precise, with evident reduction in fluctuations
around the flow rate setpoint with respect to those previously detected in the initial setup.
Flow rates range from 100 to 500 L/min, which is more common in microfluidics appli-
cations, although still not the required one with full range from 100 to 1000 wL/min.
Nevertheless, this first prototype shows how introduction of a variable resistor allows to
modify and adjust flow rate range. Further improvements in the electronics in charge of
feeding actuators and PID control allow increased flow rate resolution, achieving varia-
tions of order 1 wL/min as may be ascertained by observing the reduced oscillations for

400 }
350
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250 |

200 ¢

Flow rate [uL/min]

150 |

100 +

'

1500 2000 2500 3000 3500

Time [s]

Fig.6 Full range test control at different setpoints for the first prototype
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a fixed setpoint. Finally, the hysteresis processes present in the initial setup are overcome
in the first prototype. It is readily checked how the shape of curve in Fig. 6 is more sym-
metrical around the maximum setpoint, and in particular it is able to replicate the initial
value below 100 pL/min corresponding to minimum pumping power at the end of the
sweep.

3.3 Prototype Optimization

Although improvement has been achieved with the first prototype after introducing a
variable resistor in the initial setup, the flow rate range is still unsatisfactory. Through
order of magnitude estimation of resin properties based on prototype dimensions and
performance, a first computational model is developed to better understand the interac-
tion between resin features and microfluidic operation. Afterwards, parametric studies are
carried out to calculate the Young modulus relating prototype configurations and experi-
mental measurements, such as pressure drops and flow rates in the hydraulic circuit. All
the experiments have been conducted at constant temperature, with long enough times
to reach steady states in the system and homogeneous conditions. This characterization
is useful for design optimization leading to a second prototype, as exposed in the next
paragraph.

Variable resistor design is optimized resorting to the knowledge of resin properties
acquired during device simulations with the first prototype. Figure 7 depicts all three

6
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Fig.7 Young modulus (E) calculations from computational model verifying experimental data
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Fig.8 Full range test control at different setpoints for the optimized prototype (left hand side), vari-
ations of flow rate setpoint (right hand side upper part), and stability test (right hand side lower
part)

stages leading to the final product. A first order of magnitude estimation based on device
geometry, structural deflections as well as data from similar resins [19] is employed as a
first guess to adjust membrane width in the quake valve, leading to the initial prototype
geometry. Experimental measurements at different operation conditions are replicated by
the numerical model, providing different estimates of the Young modulus of the resin.
Its new value is then approximated by the average over all experimental conditions repli-
cated by the model and used as an input to generate an improved second prototype with
increased thickness membrane. Since less oscillations are present in this second, more
accurate and precise device (see Fig. 8), numerical simulations provide less scattered
estimates of the Young modulus. Although the process could have been carried out to
develop a third prototype, device performance is already satisfactory at this stage, and the
refinement process to characterize the resin would have yielded smaller increments in the
estimate of structural properties, thus leading to diminishing returns in optimization.

In summary, initial estimates and experimental data coupled to the numerical model
have proven their usefulness in terms of design improvement, consolidating as a viable
approach to achieve further optimization in future design iterations. Through classical
manufacturing process of stacking PDMS structures obtained through replica of UV
Lithography molds, the accuracy and precision required for feedback between numerical
model and experimental data may be compromised due to errors in the positioning and
sealing of the different layers. More disruptive methods such as micro injection molding
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increase the cost of prototype manufacturing significantly. In conclusion, 3D DLP addi-
tive manufacturing suits as the perfect candidate for initial stages of research that require
accuracy and precise iterations at low cost.

After the optimization process carried out previously through the computational model,
and ensuring that flow rate range fits the desired one as shown in the left hand side of
Fig. 8, microfluidic flow rate control device response is optimized by new regulation
algorithms in the software. Since there are two actuators (i.e. piezoelectric micropump
and variable resistor), two coupled control PIDs are designed. PID control parameters are
calculated in real time by a fuzzy logic selector based on laws from empirical knowledge
of the system in terms of the variables (flow and pressure) at the working range. Using
this fuzzy logic adjustment of the parameters, non- linearities of the system are better
handled, and dynamic response is enhanced. This is shown in Fig. 8 right hand side
upper part where more aggressive regulation steps are made in all of the range and clean
and fast response is obtained. Finally, operation during long periods of time is evaluated
and presented in the lower right hand side of Fig. 8, it can be seen that during a couple of
days of operation with a predefined setpoint of 25 pwL/min, extreme deviations (occurring
up to 10 times a day) are smaller than 11% of the predefined value, the envelope for the
rest of deviations being 2% of the setpoint.

4 Final Product

For the final product, a new electronic board is developed, designed to integrate all
third-party hardware components, the microprocessor, additional elements for inputs and
outputs, and power electronics. This board runs the embedded software of the control
algorithms and user interface functionalities. Final product operation can be done through
a USB connection with a computer by means of software able to store logs of all the oper-
ation variables, or directly selecting a setpoint with the buttons displayed in the menu of
the LCD screen and starting the operation.

The upper left hand side of Fig. 9, presents a CAD design of the final product, includ-
ing the electronic board, the final optimized design of the fluidic system, a battery to
enable autonomous operation, an LCD screen that shows requested and actual flow rate
during operation, and buttons that allow to configure the microfluidic flow rate control
device through a menu shown in the LCD screen. The lower left hand side of Fig. 9
presents a comparison between the classical syringe pump approach, more recent pres-
sure driven flow systems, and the novel microfluidic flow rate control device presented
here, operating for a predefined flow rate of 80 wL/min. It can be seen that syringe pumps
oscillations are mitigated in systems such as pressure driven flow and the one presented
here. However, intrinsic obstacles to generate fluid recirculation in the former setup are
overcome by the approach presented here thanks to the absence of pressurized feeding
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Fig.9 CAD design of the final product and final PCB (left hand side upper part), comparison of
performance between different commercial solutions and the microfluidic flow rate control device
presented here (left hand side lower part), and final product operating to feed a microfluidic chip
(right hand side)

tanks. Finally, the right hand side of Fig. 9 shows the compactness of a typical microflu-
idic experiment setup with the developed flow rate control device. Only an USB cable
plugged to the computer, two fluid connections for the microfluidic chip, and the tank are
necessary.

5 Conclusions

3D DLP printing additive manufacturing method has been demonstrated as an optimal
approach for developing and improving prototypes from conceptual designs in the field
of microfluidic applications. Integration of commercially available components has been
tested and drawbacks identified. Using 3D DLP printing, a component called variable
resistor has been manufactured and integrated allowing to overcome the drawbacks of
the initial setup. Redesign of the variable resistor yields improved performance. This
is achieved via an optimization process that involves taking experimental measurements
from an initial prototype with the variable resistor and a numerical model. This informa-
tion is used to estimate the order of magnitude of the Young modulus, thereby improving
designs in every successive iteration. A fully plug and play final product is obtained,
including the software for setpoint setting and manually fine tuning the PID. Product
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performance is compared with other typical solutions for microfluidics flow rate control,
such as syringe pumps and pressure driven flow systems, showing superior performance
and versatility. The presented micro flow controller offers steadier flow rates than typi-
cal syringe pumps, while also preventing tank pressurization and recirculation difficulties
inherent in pressure driven flow systems. In this manner, trivial liquid recirculation in an
accurate, low pulsation regime is achieved in the context of a fully integrated device.
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in the Laser Glass Deposition Process
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Abstract

Additive manufacturing is an established technique in much of industry for manufactur-
ing complex structures from polymer and metal materials. The additive manufacturing
of glass materials is a very young process, which is based on through various
approaches. For example, such processes are based on a glass powder bed or the
layer-by-layer deposition of viscous glass from a crucible. In the Laser Glass Deposi-
tion process (LGD), a fused silica glass fiber (0.43 mm) is additively deposited onto
a fused silica substrate by CO, laser irradiation. In order to form structural compo-
nents from complex contours, or solids, experimental investigations on the printing of
homogeneous layers were carried out in this paper. The main focus of the investiga-
tions is the influence of the laser power, the printing speed and the line spacing of
single tracks and single layers on the deposition morphology. The results were used to
realize multilayer complex structures with more than 300 layers.
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1 Introduction

Additive manufacturing (AM) is widely established in industry and research for polymer
and metallic materials [1], while the AM of glass materials represents a novel manufactur-
ing technology. Silicate glasses are characterized by high optical transparency, chemical
and thermal stability [2]. Fused silica is used in chemical and medical apparatus engi-
neering, as well as in optics and semiconductor technology, because of its low thermal
expansion coefficients and high thermal shock resistance [3]. On the other hand, fused
silica is challenging to manufacture since its working temperature is about 2000 °C. To
date, the majority of complex fused silica components are manufactured by conventional
manual manufacturing. This is associated with high scrap rates and low reproducibility,
which is avoided with additive manufacturing.

There exist several approaches to additive manufacturing for glass materials. Among
them are glass extrusion process [4], sintering process [5], stereolithography [6] and glass
fiber/rod based additive manufacturing [7, 8]. In the glass fiber and rod-based manufac-
turing techniques, the glass filament is heated to a processable state over 1700 °C by a
CO; laser [9]. These processes are referred to as Laser Glass Deposition (LGD). Here,
with lateral fiber feeding, the laser irradiates either perpendicularly to the substrate sur-
face [10], or laterally to the contact surface between the glass fiber and the substrate [11].
Similarly, a coaxial laser beam irradiation approach has been developed, where the glass
fiber is fed perpendicularly to the substrate surface and the laser is delivered in a coaxial
manner [12].

In the investigations of Witzendorff et al. [8] concerning the deposition of single fibers,
a direction dependence of the deposition morphology was observed. This prevents the
deposition of homogeneous layers in a closed contour. The present publication presents a
methodology and demonstration for the printing of homogeneous layers in closed contours
in lateral fiber deposition. In this sense, parameter studies are carried out on the deposition
of single fibers and surfaces in order to find suitable parameters for printing complex
contours and solids.

2 Methods

The experimental setup (Fig. 1) consists of a CO, laser (Rofin DC045, Coherent Inc.) with
a maximum power of 4.5 kW. This output power is attenuated by 50% beam splitters, so
that a power range of 50-500 W is introduced into the heating zone. The laser radiation
is guided through a lens with 190 mm focal length onto a glass substrate. A defocused
spot diameter of 5 mm is achieved there. The laser beam penetrates the fused silica
substrate (100 x 100 x 3 mm?, Schroder Spezialglas GmbH) perpendicularly, which has
a thickness of 3 mm.
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Fig.1 Experimental setup for the laser glass deposition process

A fused silica fiber (OPTRAN®, Ceram Optec SIA, light-guiding fiber) with a diame-
ter of 424 pm is fed with a feeding rate vg of 0-600 mm/min laterally at an angle of 45°
into the heating zone via a conveyor unit and is deposited on the glass substrate. After
entering the laser beam, the coating is burned off during the feed, so that no contamination
of the glass melt occurs [13].

The average temperature of the process zone is measured by a pyrometer (I mm spot
diameter, KTRD 1550-1, Maurer GmbH), which is designed for CO; laser processing of
fused silica and measures a temperature range of 300-2500 °C at a measuring wavelength
of 5 pwm.

The substrate is located on a rotating base plate which can also be translated in one
direction by a linear axis. The laser beam source and the fiber conveyor can move per-
pendicular to the base plate and in height via linear axes. The linear axes can each move
at a speed va of 0-600 mm/min and the ratio of the velocities vre] is defined as Ve
= VE/Va. An overview of the process parameters is shown in Table 1. By rotating the
base plate, a preferred direction for depositing the fibers can be set so that complex con-
tours can be applied regardless of the direction. If a rotation is performed, the linear axes
must compensate for this rotation so that the fiber continues to be deposited in the same
direction. The necessary compensation arc is calculated by a coordinate transformation. A
rotation of the rotation axis transforms the original coordinate system K into a coordinate
system K’ which has been rotated by an angle a. The coordinates in the system K’ can
be calculated via a multiplication of the coordinates in K with the rotation matrix.

This makes it possible to implement a continuous printing process that eliminates
the need for cutting and repositioning fibers, which is associated with measurement and
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Table 1 Overview of process
Parameter Value range
parameter ranges for laser glass
deposition setup described here ~ Laser power P, 10-250 W
Axis velocity va 0-600 mm/min
Fiber feed rate vg 0-600 mm/min
Velocity ratio VRe] 1-7
Track distance d 0.6-1.5 mm
Laser spot diameter 5 mm
Angle of fiber conveying 45°
Temperature measurement range 300-2500 °C

contour errors. This process stability enables consistent track heights, even with flexi-
ble contours and sharp corners. Rotationally asymmetric contours can also be realized by
suitable coordinate transformations. The path height of the original layer is set as a bench-
mark for the height change in order to obtain the same conditions at any layer height, and
the width of the original path is used as a benchmark for forming a surface. Thus, pro-
cess stability depends on maintaining the degree of fusion. To accurately determine the
degree of fusion using specific process parameters, parameter studies were conducted with
respect to the deposition morphology of the fiber tracks.

The deposition morphology can also be described by the contact angle of the fiber
to the substrate. The contact angle o is defined as the angle spanned by the height h
and width w of a weld in relation to the substrate surface. This is shown as a sketch
in Fig. 2. Accordingly, a high contact angle represents a weak fusing and a low contact
angle a strong fusing of the fiber onto the substrate. The height and width are measured

Fig.2 Sketch of the cross section of a deposited fiber. The height h, width w and contact angle are
drawn
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by a tactile profile measuring instrument MarSurf LD 130, Mahr GmbH. This scans the
surface of a deposited fiber horizontally, whereby the contact angle of the fiber must not
exceed the angle of the stylus, otherwise measurement errors will occur. In this case, the
width of a deposited fiber was remeasured with a caliper gauge.

3 Results

Contour structures

For the precise selection of the printing parameters and to ensure a stable printing process,
the deposition morphology was first investigated with regard to the axis speed va and fiber
feed rate vg, as well as the laser power PL. For this purpose, 80 mm individual tracks
were deposited at varying speeds vg and v with a speed ratio vgre] = 4 in dependence
of the laser power (Table 1). The width and height were investigated, as well as the print
stability and transparency of the deposited fibers from a qualitative point of view. The
results can be observed in the following graphs in Fig. 3.

It can be observed from the measured values that the height decreases and the width
increases with increasing laser power, since the heat input to the glass filament increases
with increasing laser power, which reduces the viscosity and causes the glass material to
melt. It is also observed that for small values of va, a much larger interval of deposited
fibers can be realized within the process limits. For example, height for vo = 22.5
mm/min ranges from 0.15 to 0.59 mm for widths from 2.40 mm to 1.31 mm. At the
highest speed vo = 112.5 mm/min, height ranges from 0.26 mm to 0.42 mm at w of
1.82 mm to 1.49 mm. In addition, an estimate of material loss can be made from the
profile data if the theoretical cross-sectional area is compared with the real profile cross-
sectional area, which was interpolated. The corresponding ratios are shown graphically in
the following Fig. 4 (left).
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Fig.3 Left: Graphical representation of the dependence of the height of fiber tracks on laser power.
Right: Graphical representation of the dependence of the width of a fiber track on the laser power
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Fig.4 Left: Graphical representation of the material loss as a function of the laser power. The nega-
tive values arose due to the inaccuracy in the interpolation of the fiber cross-section. Right: Graphical
representation of thermally induced stresses in the center of a deposited fiber track as a function of
laser power

It becomes clear that higher material losses are caused both during deposition with
increasing laser power Pp, and with low axis speed va, because this increases the heat
input into the material, which leads to evaporation of the material. This is also manifested
by the formation of bubbles in the individual paths, which are caused by the trapping
of gases (air, process gas), or evaporated glass. Since glass has an amorphous lattice
structure, despite the average material loss of 10-20 %, the fiber binds well, since not
all lattice bonds have the same binding forces, and thus most of the melt remains in a
processable viscosity range.

Further analysis of the individual tracks was performed by polarimeter measurements.
This involves determining the thermally induced stresses in the glass. The respective
stresses in the center of a fiber track are shown graphically in Fig. 4 (right). A general
decreasing trend of the stress with increasing laser power can be observed, because with
stronger fusion a larger bonding area between substrate and fiber is created on which
the stresses can be distributed. In contrast to a weak bonding, which causes a point-
like bonding on which the stresses are concentrated. The same observation is made for
increasing axis speed va, at the same laser powers. It can be observed that the thermal
stresses increase for higher va due to the weak bonding. On average, stresses between 10
and 16 MPa can be observed, which is very low compared to the facture strength of bulk
fused silica of 50 MPa. However, there were isolated cracks on the fiber tracks as shown
in Fig. 4 (right) for example at Pp, = 72W and vao = 45 mm/min. It can be seen that this
fiber track has low degree of fusion to the substrate, which decreases the fracture strength.
The relationship between contact angle and fracture strength of printed structures will be
the subject of future investigations.

Based on these tests, various contours were printed in multiple layers. As an example,
Fig. 5 shows an “ellipse” contour. This was printed with the parameter set vo = 67.5
mm/min, vg = 270 mm/min, P, = 95 W and a track height of h, = 0.23 mm. For this
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Fig.5 Left: Real representation of a printed “ellipse” contour. Parameters used: P, = 95 W, vp =
67.5 mm/min, vg = 270 mm/min. Middle: Overall representation of the CT model of the printed
structure. Right: cross-sectional view of a section. The section shows the only bubble that could be
found in the printed material

purpose, the substrate plate was rotated two times by 90° at each of the curve portions,
while the linear axes were moved with a circular motion to the target position in the
rotated coordinate system. This avoided a change in direction of the laterally fed fiber. The
printed product shows transparent walls and was also analyzed for porosity by computer
tomography. The analyses can be seen in Fig. 5 (middle, right) and show only isolated
bubbles in the microstructure. Similarly, analyses of the chemical constituents show that
only fused silica is present in the printed structure, thus ensuring that no components of
the polymer coating are present in the printed structure.

In another example, a cone structure was printed by applying, in addition to the height
shift, an overhang in the form of a shift of the fiber nozzle along the printing direction
with each new layer. This is shown schematically in Fig. 6 (left). The maximum possible
overhang depends on the width of the base layer. In our example, the base layer had
a width of 1.2 mm. A maximal overhang of 1.5 mm (12.5% of the total width) was
achieved. A single cone is shown in Fig. 6 (middle) and consists of about 60 layers.
In Fig. 6 (right), the cone structure was printed several times inverted on top of each
other, so that the following structure of about 300 layers could be realized. In contrast
to the elliptical contour, boundary layers between the fibers can be recognized here. This
indicates that the inside of the cone is not completely fused by the overhanging fiber.

A different application of the presented printing technology is the printing of free-form
structures into the "air". In this case, after initial bonding of the fiber to the substrate, the
fiber nozzle was pulled into the air, causing the fiber to solidify in the air and a free form
could be printed. Due to the low mass of the fiber, it cooled very quickly despite the high
temperatures and solidified into a solid form. This was exemplified in Fig.7 (left) in the
form of a spring and in Fig. 7 (right) in the form of an individual bar. Combining such
flexible structures with the solid structures, opens the possibilities to novel mechanical
and optical structural parts and components made of glass.



280 K. Sleiman et al.

Glass Fiber

CI\ /
z

Y Overhang
x‘

Fig.6 Left: Sketch illustrating the printing process of a cone with the overhang drawn in. Middle:
Real representation of such a printed cone. Isolated bubbles and fiber interfaces are visible. Right:

Real representation of a printed multi-cone. The cone structure was printed multiple times, reversing
on top of each other, in about 300 layers
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Fig.7 Left: Real representation of a printed glass spring, which can elastically open and close.
Right: Real representation of a printed free-form structure in the form of an individual bar
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Fig.8 Left: Graphical representation of the averaged height of a fiber layer as a function of the
track spacing of the individual fibers. Right: Graphical representation of the averaged waviness of
the surface of a fiber layer as a function of the track spacing. Print parameters: Pp, = 116 W, v =
67.5 mm/min, vg = 234 mm/min

Volumetric Structures

For printing a solid glass surface, the individual fibers were deposited in a meandering
manner in a continuous process without cutting off the fiber. The surface finish depends
on the deposition morphology of the individual tracks and their distance d from each
other. In these tests, individual layers with an area of 20 x 20 mm? were deposited with
varying track distances d = [0.6 — 1.5 mm)] apart. The following parameters were used:
A feed rate of vp = 234 mm/min, an axis speed of vo = 67.5 mm/min and a laser power
PL = 116 W. The surfaces of the individual layers were measured by means of tactile
profile measurement. This resulted in the averaged height h* of the layer profile and the
waviness W. The waviness was defined as the average of all differences between wave
crests and troughs. The results are shown in Fig. 8.

In Fig. 8 (left), it is observed that the height decreases continuously with increasing
orbital distance up to d = 1 mm. From d > 1 mm, the change is smaller and starts to
stagnate, indicating that the track spacing has become too large to produce significant
merging of the adjacent tracks. The initial decreasing profile height is explained by the
decreasing overlap of the two orbits, which decreases the mutual merging. This is also
evident in Fig. 8 (right). There, the change in waviness with increasing track spacing
is shown graphically. For d < Imm, the waviness (0.02 mm — 0.05 mm) increases only
slightly, and the fibers can be well bonded together to produce a homogeneous surface. For
d >Imm, the waviness increases abruptly, as already indicated in Fig. 8 (left). The overlap
of the tracks is too small to ensure significant fusion. The individual layers showed no
significant formation of bubbles, or sublimation. To illustrate the transparency, a barcode
under a single layer is shown in Fig. 9. The barcode is very well visible, only the waviness
of the glass surface distorts the image.
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Fig.9 Real representation of a printed single fiber layer for a track distance d = 1 mm. The fiber
layer is transparent, but distorts the pattern due to the waviness. Left: Barcode pattern without 3D
printed layer on top. Right: Barcode pattern with 3D printed layer on top

In the following, a cuboid was applied on the basis of the previous investigations. At
the end of each layer, the fiber nozzle was raised while a 90° rotation was performed.
As a result, the fibers were continuously printed orthogonally to each other without sep-
aration. Cuboids with a maximum of 21 layers were printed. An example of a cuboid is
shown in Fig. 10. The printed cuboids show a high transparency in the top view, but a
large number of bubbles can be seen. Increased homogeneity and transparency could be
achieved with active laser power or feed rate control, as this would allow precise control
of the deposition rate.

Besides the increased bubble appearance, a fine lattice structure can be observed in the
volume of the cuboids. To investigate this, cross-sections of the cuboids were generated
and analyzed under the microscope. The cross-section of a cuboid example is shown in
Fig. 10 (down). The individual fiber tracts can be clearly seen, indicating no complete
fusion. However, it was suspected that the refractive index gradients in the glass fiber
filament caused these artifacts. Therefore, the cross sections of deposited fibers with and
without a photoconductive core were compared. These cross sections are shown in Fig. 10
(up-right), and only for the fiber with a light guiding core do they show the previously
observed interfaces. For the other fiber, complete fusion appears to have been realized.
This suggests that the different refractive indices create an interface with the adjacent
track. This effect could be used to realize novel optical components. To test this hypoth-
esis, the refractive index curves in the glass volume have to be investigated in future
studies.
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Fig.10 Top left: Real representation of a printed cuboid with 14 layers and an edge length of
10 mm. Top right: Comparison of two fiber cross sections: a fiber has no light guiding core. b Fiber
has a light guiding core. Bottom: Cross-sectional view of the printed cuboid. The interfaces of the
individual fiber paths can be clearly seen

4 Conclusion

A rotary axis was integrated into the printing process to apply homogeneous fiber layers.
This enabled the fiber to be deposited independently of direction, resulting in high process
stability even in higher numbers of layers. Using the new setup, the printing of structural
and volume elements was investigated. From initial parameter studies for the deposition
of single fibers, parameter pairs were selected for the printing of the other elements. For
the structural elements, the following parameters were used: P, = 95 W, vre] = 4 with
vg = 270 mm/min and vpo = 67.5 mm/min. For the volume elements, the parameters
were slightly adjusted with a vRe = 3.5: PL = 116 W, vp = 234 mm/min and vy =
67.5 mm/min. Different contours were realized to demonstrate feasibility and process
stability. On the one hand, cone shapes with overhangs between 1 and 1.5 mm were
printed, which were applied periodically in the form of hourglass shapes in up to 300
layers, and on the other hand, free-form structures, such as the elastic spring and the
bar. Combining such flexible structures with the solid structures, opens the possibilities to
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novel mechanical and optical structural parts and components made of glass. By printing
an ellipse contour, it was shown that the printed products do not contain any residual
coating. Due to the low bubble density, the ellipse contours exhibited high transparency.
For volume elements, investigations were first carried out on individual layers in order to
realize optimum parameters for printing surfaces with the lowest possible waviness. Track
spacings of d < 1 mm were found to yield the lowest possible average waviness of 0.02—
0.05 mm. Consequently, cuboids could be printed in 21 layers with the max. dimensions
14.8 x 14.8, x 9.4 mm?>. The printed solid elements showed a high transparency with
isolated bubble inclusions in the top view and in the cross section, however, the boundary
layers of the individual fibers could be observed. This artifact was not observed in printing
with coreless glass fibers and suggests a refractive index gradient in the printed cuboid.
Targeting this effect could be used to print novel optics. Future studies will analyze the
material properties of the printed products.
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Abstract

Additive manufacturing is a versatile fabrication technology for many different appli-
cations. The flexibility of additive manufacturing opens a wide range of design
opportunities. Contrary, due to the single material approach in additive manufactur-
ing, the functional application of these objects is limited by the material’s parameter.
An approach to overcome this limitation are multi-functional objects, which combine
different materials. The combination of different materials with specific parameters
enables the generation of parts with tailor-made functionality. The paper aims to inves-
tigate the approach of multi-functional objects to be used with semi-finished parts (e.g.
tubs, rods, formed sheet structures). The additional functional elements are deposited
on the semi-finished parts by a wire-based additive manufacturing process. Materi-
als like wood and thermoplastics have been selected for characterizing the adhesional
properties and the requirements in designing the interfaces. Mechanical properties
of the joints will be presented in dependency on material combination and surface
preparation.
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1 Introduction

1.1 Relevance of Multi-functional Parts—Material Extrusion
on Semi-Finished Parts

Material extrusion is one of the most widely used additive manufacturing processes and
offers many possibilities for various applications in the areas product development and
production. The extensive material possibilities span a range from simple thermoplastics
of different properties to filled thermoplastics with fibers and particles made of organic,
ceramic or metallic materials, which can be used directly or further processed by a post-
process to a metallic body, for example.

This variety of different materials results in a wide range of design options for the
designer. The possibilities are expanded by combining different materials into hybrid,
functional groups. This can be achieved by combining different materials such as polylac-
tic acid (PLA) as structurally stable components with a permanently elastic thermoplastic
polyurethane (e.g. for applications as a wheel-tire combination to meet various require-
ments). Organic materials can also be used as substrate materials, such as wood in
combination with PLA or other materials.

A major disadvantage of material extrusion is the increased production time in com-
parison to subtractive fabrication methods like milling. Especially the fabrication of flat
objects requires more time when compared to other production approaches (e.g. cut-
ting). Consequently, the usage of semi-finished objects (e.g. plates, tubes, profiles, etc.)
as substrate for additive manufacturing may overcome the production time issue of purely
additive manufacturing. Thus, in combination with additive processes, semi-finished prod-
ucts can be expanded in multi-functional components. An example for a multi-functional
object is shown in Fig. 1.

Additive manufactured
mount for a single board
computer

Semi-finished base plate

Fig.1 Example for a multi-functional object which combines an additive manufactured mount for
a single board computer and a semi-finished base plate
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1.2 Hybrid Design Approach

A mandatory prerequisite of multi-functional objects is the design of the joint between
the 3D printed object and the substrate. Thus, the paper aims to investigate the design
parameters to define a hybrid design approach. As a long-term goal, the knowledge of
the hybrid design approach can be used for the fabrication of multi-functional objects
with the following characteristics: tool-free assembly, mounts for various mechatronic
components, and integration of seals and interfaces.

As an example, the hybrid design approach will be described for a sensor box and
for fused filament fabrication (FFF) desktop printers: The hybrid design approach starts
with the assembly of the semi-finished products. These substrates will be equipped with
necessary trimmings and openings. The first production step is realized by milling or cut-
ting technologies. In the next step, the mounts for the mechatronic components will be
fabricated directly onto the substrates by additive manufacturing. Finally, structures for
sealing and closing will be fabricated at the edges of the semi-finished plate. These struc-
tures are responsible for secure closure and a tight-sealing of the sensor box. Additionally,
the closing structures will be designed to enable the assembly without the requirement of
additional tools or materials.

Another possible application of the hybrid design approach is the fabrication of low-
to medium-priced FFF desktop printers. At the moment, companies like Prusa or Airwolf
produce parts of the FFF desktop printers in printer farms. By using semi-finished prod-
ucts, the production time of these systems might be reduced significantly. In this case,
the design of the housing might incorporate plates. Mounts for the required mechatronic
components will be printed on the plates. The printer is assembled by inserting purchased
components with almost no tools or mounting material. An additional benefit arises from
the fact that the components can be easily detached and replaced without the need of
additional tools.

A possible design of structures for sealing and closing is shown in Fig. 2. The con-
nector consists of two parts which will be directly printed on the substrates. To guarantee

ZZ7 4
777 A

A AP A A A A A v ZZZ7Z2 7771

Fig.2 Basic principle of the hybrid design system
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a stable joint between the additive manufactured objects and the substrates, the design of
the interface has to be optimized.

2 Problem and Objectives

Essential prerequisites for the realization of the hybrid design approach are: (a) the cre-
ation of standardized and parameterized features that can be integrated and scaled into the
design, (b) optimized surface structure of the interface to ensure the adhesion of different
material pairings, and (c) process parameters for the fabrication of the multi-functional
objects.

At first, experimental tests with polymethyl methacrylate (PMMA) as substrate and
polylactic acid (PLA) as thermoplastic for the additive production process were con-
ducted. These experiments focused on the relevant conditions, which are necessary to
achieve optimal adhesion between the substrate and the 3D printed object.

In addition to the printing on unstructured surfaces, adhesion tests with laser engraved
surfaces were also carried out. Since the laser is used as a cutting tool in the fabrication
of the semi-finished plates anyway, it is also possible to use it as a tool for structuring the
surface of the substrate with the goal to increase the bonding strength.

The aim was to define the requirements for the substrate surfaces and the FFF printing
process. According to the aim, two research questions were stated:

Which conditions in the contact zone between semi-finished product (PMMA plate)
and 3D printing are decisive for maximum adhesion?

Do structures processed by laser ablation have an effect on improving adhesion?

3 State of Knowledge
3.1 Hybrid Structures by 3D-Printing

Fused filament fabrication (FFF) 3D printing is one of the most widely used additive
processes. In most cases, components are made of one or a maximum of two different
materials by means of material extrusion. Hybrid approaches expand the possibilities and
properties of printed structures. Wimmer et al. [1] described the possibilities of filaments
enriched with wood particles for the production of wood-like structures, also in combina-
tion with colored plastics. However, the use of prefabricated elements of the same or other
materials in combination with 3D printing offers some additional advantages to improve
productivity, increase the variety of materials, and expand the design possibilities. Math-
ias et al. [2] showed the possibilities of hybrid components of semi-finished products with
3D-printed structures using the combination of Lego building blocks and 3D printing.
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3.2 Principles of Joining with 3D-Printing

The possibility of producing hybrid structures from different materials depends crucially
on the establishment of a solid bond. The process of printing PLA on PMMA is formally
equivalent to an adhesive bonding process. The substrate (PMMA) is placed on the build
plate of the 3D-printer followed by deposition of the filament directly on the substrate.
During the deposition process, only the filament is heated. Although, the build plate is
heated, the temperature of the build plate does not exceed the plasticization temperature of
the substrate. Thus, the PLA solidifies on the PMMA surface without realizing a material
mixing compound.

Major influencing factors of the bonding process are the effects of adhesion and cohe-
sion, which determine the bonding strength of the two components [3, 4]. Cohesion
describes the interatomic and molecular binding forces acting in the “adhesive”, in this
case, the printed PLA. Adhesion, on the other hand, defines the bond to the substrate
(PMMA).

The adhesion of strands applied in the shift process is the subject of some scientific
work. The vast majority of investigations related to the adhesion between the individual
layers of a component made of a homogeneous plastic. In his work, Butzke [5] investi-
gated the fundamental relationships between layer adhesion in fused filament fabrication
and presents approaches for improving adhesion to joints with similar material. Knei-
dinger [6] investigated the system of wood and polymer to determine the main adhesion
effects.

Coogan and Kazmer [7] showed the direct relationship between the transferable force
and the connecting surface. It is emphasized that “activating” processes on the surface,
for example, by plasma treatment [8] or by gas-phase fluorination [9], generate a positive
adhesion effect. Sapkal [10] shows that the thickness of the first layer has a decisive
influence on the strength of PLA structures.

Meyer et al. [11] investigated the deposition of PLA on textiles by FFF. They showed
that a pre-treatment of the textiles by a PMMA coating significantly increased the
adhesion of PLA.

The deposition of PLA on polyamide (PA) was investigated by Sanatgar et al. [12].
As a result of investigating the influence of process parameters like extruder temperature,
build plate temperature, and print speed on the adhesion, a set of optimal parameters
could be defined. The bonding strength was tested by a standard test according to SS-EN
ISO 1139:2010. The results of the experiments showed, that the extruder temperature and
build plate temperature were directly proportional to the bonding strength of the PLA/PA
compound.

The foundation of the hybrid design approach relies on the hypothesis that a surface
enlargement by vertical area fractions by macroscopic and microscopic effects in the form
of macroscopic grooves and microscopic surface roughness has a significant effect on the
resilience of the connections. If a separation, i.e. a crack, occurs, it can be observed
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in preliminary tests that almost without exception, a separation occurs in the interface
between the two materials. Rarely do individual material components of the printed PLA
stick to the surface. The fracture can thus be characterized as an adhesion fracture, in a
few cases as a mixed fracture [13].

4 Material and Methods
4.1 Test Object for Contact Zone Experiment

A specific 3D printed test object has been designed to investigate the influence of the
contact zone onto the bonding strength of the multi-functional parts. The design of the
object was optimized to achieve a distributed load in the contact zone preventing stress
peaks. The 3D printed test object consisted of a square base plate at the interface with
a side length of 15 mm and a thickness of 0.4 mm. The cross-section merged into a
circular section with a diameter of 5 mm. To provide a stable connection between the 3D
printed object and the different loads, the upper part of the object was widened, enclosing
a drop-like hole (see Fig. 3).

The fabrication process was accomplished with a desktop FFF printer (Ultimaker 2+;
Ultimaker). The G-code was prepared by the slicing software Cura (v4.9.0; Ultimaker).
The fabrication parameters were set to 0.2 mm layer height and 0.4 mm layer width. The
infill was set to 100%. The temperature of the nozzle was set to 200 °C, and the build
plate temperature was set to 60 °C.

The PMMA substrates were placed directly on the build plate. A frame ensured a
defined position of the samples during the printing process. The vertical position of the
print nozzle was referenced relative to the frame. After loading the samples into the
desktop FFF printer, the fabrication process was started.

Cuier

Fig.3 The 3D printed test object consisted of a square base plate, a circular intermediate section,
and an enclosed drop-like hole, which served as the attachment point for the experiments. On the
left, the unstructured substrate is shown. The semi- structured substrate is shown in the middle. The
structured substrate is shown on the right
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4.2 Substrate-Surface-Structure Test Object

A test object for tensile lap-shear strength experiments was designed to investigate the
influence of different surface structures on bonding strength. The design was optimized
to achieve a solid adhesion of the initial PLA layer on the PMMA substrate (see Fig. 4).
The dimensions of the sample is based on the definitions of the standard EN 1465:2009
with the two differences: (1) thickness of the PMMA substrate was 1.8 mm and (2)
thickness of the PLA substrate was 3.8 mm. The differences resulted from the fabrication
process of the test object.

The fabrication process was accomplished with a desktop FFF printer (Ultimaker 2+;
Ultimaker). The G-code was prepared by the slicing software Cura (v4.9.0; Ultimaker).
The fabrication parameters were set to 0.2 mm layer height and 0.4 mm layer width. The
height of the initial layer was set to 0.1 mm for achieving a solid adhesion of the first
layer on the PMMA substrate. The infill was set to 100%. The temperature of the nozzle
was set to 230 °C, and the build plate temperature was set to 60 °C.

The fabrication process started with printing the PLA until reaching a height of
1.7 mm. At this height, the process paused and the PMMA substrate was inserted. The
production process resumed and the initial layer of PLA on the PMMA substrate was
deposited. Due to the height difference of 0.1 mm between the PLA and the PMMA sub-
strate, the print nozzle was pressed on the PMMA substrate, thus a solid bonding of the
initial PLA layer was achieved.

Fig.4 The test object for
assessing the influence of
substrate structure onto
adhesion was designed
according to the standard EN
1465:2009. The thickness of
the PMMA and PLA part was
1.8 mm and 3.8 mm,
respectively

3D-printed PLA part

PMMA substrate
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4.3 Preparation of PMMA Substrates

For the contact zone experiments, PMMA substrates with a side length of 40 mm were
prepared. The thickness of the substrates was 3 mm. The substrates for the substrate-
surface-structures experiments exhibited a length of 100 mm and a width of 25 mm. The
thickness of these substrates was 1.8 mm. A laser engraver equipped with a CO, laser
(Speedy 100; Trotec) was used for the cutting of the substrates.

The surface-structure of the substrates was either unstructured, structured, or semi-
structured. Unstructured samples were defined as the original state of the untreated
substrate. Semi-structured surfaces exhibited a periodic pattern consisting of engraved
lines with a width of 1 mm and a distance between the lines of 2 mm. The depth of
the engravements were 0.16 mm and 0.34 mm. Structured surfaces were fabricated by a
complete engravement of the substrate surface (see Fig. 3). The samples were cleaned by
isopropyl alcohol prior to the printing process.

4.4 Measurement of Bonding Strength

The bonding strength for investigating the influence of the contact zone onto bonding was
assessed by applying static loads ranging from 20 N (0.09 MPa) to 420 N (1.87 MPa).
The direction of the load was perpendicular to the interface. The point of force application
was the center of the 3D printed test object (see Fig. 3). Static loads were evenly increased
until sample fracture. Based on the load, the maximal bonding strength was calculated by
dividing the force by the interface area (225 mm?).

4.5 Assessment of Initial-Layer Structure After Failure

The surface structure of the interface of the 3D printed test object after failure was
assessed by optical means. The surface of the interface on the 3D printed test object
was assessed by optical scanning (3D structured light scanner Pro S3; HP). Test objects
were fixated on a rotary base. Recorded point clouds were fused to one scan based on
ten optical scans, which are evenly distributed over a full rotation. Final images were
prepared with the software blender (v2.93.0).
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Roughness (Rs) of the surface was determined according to El-Soudani [14]. The coef-
ficient Rs was calculated by dividing the actual area by the nominal area. The nominal
area of the samples was defined as the interface area of the plane PMMA substrate and
the PLA test object. The surface of the engravements in the case of the semi-structured
substrates was excluded. Thus, the focus remained on the initial layer between the test
object and the substrate. The determination of the surface areas was accomplished with
the software blender (v2.93.0). The analysis of the parameters was done with the software
MATLAB (R2021a).

4.6 Measurement of Lap-Shear Strength

Tensile lap-shear strength of substrates with different surface-structures was determined
according to EN 1465:2009. The experiments were conducted on a universal test-
ing machine (BZ2-MM100TL.ZWO01, Zwickl). For each substrate-surface-structure, six
probes were tested. Measurement parameters were force and elongation. Tensile lap-shear
strength was calculated based on the force and the bonding area of each probe. Strain was
expressed in percent relative to the free length of the probe (112.5 mm) at the beginning
of the experiment.

The values of the tensile lap-shear strength from each substrate-surface-structure group
were tested (n = 6) upon normal distribution by applying the Anderson—Darling test (sig-
nificance level 5%). Outlier in the sample group were identified based on the distance of
the measurement point to the median value. The distance was set to three scaled median.
Statistically significant differences between the samples was determined by paired-sample
t-test. The significance level was set to 5%. Statistical analysis were accomplished with
the software MATLAB (R2021a).

5 Results and Discussion
5.1 Influence of Contact Zone Structure onto Bonding Strength

The experiments revealed that the bonding strength was indirect proportional to the
roughness of the surface. An increase of the surface roughness caused a decrease of
the tensile strength (see Fig. 5). This relationship was observed for all three substrate-
surface-structures. The highest values for the tensile strength at failure were reached by
the semi-structured substrates. The roughness may play a role in establishing a solid
bonding in- between the engravement, nevertheless, the engravement itself may also pos-
itively influence the bonding strength. As a consequence, the semi-structured substrates
may benefit from surface roughness and the engravements.
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Fig.5 The tensile strength at failure correlated with the roughness of the surface of the test object.
Three different substrate- surface-structures were tested. Unstructured surfaces (unstruc) are marked
with a “x”, structured surfaces are highlighted with a “0”, and semi-structured surfaces (semi-struc)
with a engravement depth of 0.34 mm are displayed as squares. The R-value of the linear regression
between tensile strength at failure and roughness of all samples was 0.76

The roughness parameter Rs describes the relationship between actual area and the
nominal area. Rough surfaces exhibit a higher actual area compared to plane surfaces.
For absolute plane surfaces, the parameter Rs reaches a value of one. The surface scan
of semi-structured surfaces with different roughness parameters is shown in Fig. 6. A
surface with a low roughness value was characterized by non-visible filament strands.
In comparison, the filament strands were visible on surfaces with a greater roughness
value. Visible filament strands may indicate an incomplete filling of the first layer. This
is probably caused by a too low extrusion rate. The required extrusion rate is calculated
based on parameters like layer height, nozzle diameter, filament diameter, and print speed.
In the case of differences between the expected and real values (e.g. greater distance
between nozzle and substrate), the calculated extrusion rate differs from the required
extrusion rate. This difference can finally cause an incomplete filling of the layer.

Prior to the printing process of the test samples, the print nozzle was levelled to the
frame, which was used to position the individual samples on the print bed. Measurements
of the samples showed, that the thickness of the samples differed from the thickness of
the frame. Samples with a lower thickness compared to the thickness of the frame resulted
in an increased distance between nozzle and substrate. As a consequence, the calculated
extrusion rate was lower than the required extrusion rate which resulted in an incomplete
filling of the initial layer.
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Roughness =1.021
Max. tensile strength = 1.87 MPa

Roughness = 1.041
Max. tensile strength = 0.49 MPa

Roughness = 1.046
Max. tensile strength = 0.13 MPa

Fig.6 The surface scans of three different substrates with the corresponding roughness parameter
and maximum tensile strength at failure are shown

5.2 Influence of Substrate Surface Structure onto Bonding Strength

Structured surfaces exhibited a statistically significant higher tensile lap-shear strength
compared to unstructured surfaces (p-value = 0.0052; see Fig. 7). Thus, the resulting
surface after a complete structuring by a laser engraver caused an increase in the tensile
lap-shear strength compared to the unstructured surface. One of the probes of with a
structured surface reached a high value of lap-shear strength (2.7 MPa). Based on the
pre-defined criterias for outlier detection, the value was identified as an outlier. As a
consequence, the value was replaced by the median value for the following analysis.
Two different semi-structured substrates were tested to investigate the influence of the
depth of the engravements onto bonding strength. Semi-structured substrates with a depth
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Fig.7 The substrate-surface conditions influenced the maximum tensile lap-shear strength. Four
different substrate- surface-structures have been tested: unstructured (unstruct), structured (struct),
and two semi-structured (semi-struct) surfaces with different depths of engravements. The depth of
the engravement is shown in brackets. For each substrate-surface- structure, six samples have been
tested. The central mark of the box plot displays the median of the samples. The bottom and top
edge of the box indicate the 25th and 75th percentiles, respectively. The whiskers represent the most
extreme data points, which have not been labelled as outliers

of 0.34 mm reached the highest tensile lap-shear strength of all samples (see Fig. 7).
The increase in strength relative to unstructured surfaces was statistically significant (p-
value = 0.0037). Semi-structured engravements with a depth of 0.16 mm displayed no
statistically significant increase in tensile lap-shear strength compared to unstructured
surfaces (p-value = 0.0716; see Fig. 7).

By laser structuring, the resulting surface may exhibit an increased total surface area,
which provides a larger bonding area than unstructured surfaces. Therefore, the bonding
strength of structured substrate-surfaces withstands higher stress values than unstructured
surfaces.

Semi-structured surfaces can increase the bonding strength of PLA/PMMA hybrid
structures in the case of engravements with a depth of 0.34 mm. The engravements,
which were normal to the load direction, might enabled an additional force flux through
the lateral faces of the engravement. This additional force flux may positively affect the
bonding strength of the hybrid structured.

Semi-structured surfaces with a depth of 0.34 mm exhibited a statistically increased
tensile lap-shear strength compared to structured surfaces (p-value = 0.0037). In con-
trast to the microscopic structure of the engravement process in the case of structured
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surfaces, the increase in bonding strength of semi-structured surfaces may arise from the
macroscopic design of the engravements.

The stress—strain behavior of the samples differed in dependency to the surface struc-
ture. Unstructured surfaces exhibited multiple stress-declines in the stress—strain curves
(see Fig. 8a). Substrates with a structured surface displayed a uniform behavior of the
stress—strain behavior. At higher strengths (>1.2 MPa), stress-declines were visible (see
Fig. 8b). The behavior of semi-structured substrates depended on the depth of the engrave-
ments. Semi-structured substrate with depths of 0.16 mm exhibited a higher number of
small stress-declines compared to unstructured substrates (see Fig. 8c). In the case of
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Fig.8 Strength-strain curves of the four different substrate-surface conditions. For each surface
conditions, six samples were tested. In the case of structured substrate surface, five samples were
included into the analysis
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Fig.9 Images of the probes after testing revealed the mode of failure. Unstructured, structured, and
semi-structured (0.16 mm) were characterized by interfacial bond failure. Semi-structured substrates
(0.34 mm) exhibited the failure in the PMMA substrate. The fracture face was in plane with the
sidewall of an engravement indicating, that the engravement induced a crack, which finally led to
failure

semi-structured substrates with an engravement depth of 0.34 mm, the stress—strain curves
exhibited no declines compared to the other samples (see Fig. 8d).

The observed mode of failure of unstructured, structured, and semi-structured
(0.16 mm engravement depth) substrates was interfacial bond failure (see Fig. 9a—c).
The PMMA and PLA substrates remained intact. The mode of failure of semi-structured
substrates with an engravement depth of 0.34 mm was classified as failure in the PMMA
substrate. In this case, a crack may have been induced by the engravement which led to
the failure (see Fig. 9d).

Unstructured substrates may gradually fail by partial detachment of the PLA part from
the PMMA part. The behavior differed between the probes, which indicates a certain
randomness of failure behavior. This randomness may be caused by different parameters
originating from the substrate itself (e.g. unevenness of the substrate) or from the printing
process (e.g. imperfections of the filament, local weak points). The individual stress—strain
curves of the probes of structured surfaces was more similar compared to the unstructured
surfaces. The structuring process may increase the roughness of the substrate surface,
which causes an increase in the total contact area. The resulting microstructure may also
act like a micro-serrating which increases the bonding strength.

The resulting uniform surface structure may led to a uniform behavior of the samples.
The semi-structured substrates with 0.16 mm engravements exhibited small stress-
declines, which may indicate a partial failure of the bonding. In this case, the partial
failures may occur at the engravements. In comparison to the unstructured substrates, the
engravement enabled a more comparable behavior of the different probes. Semi-structured
surfaces with an engravement depth of 0.34 mm displayed a steady stress—strain curve
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without the occurrence of stress- declines. The engravement may act as interlocking con-
nections providing an additional bonding mechanism between the PMMA and PLA parts.
To the contrary, the engravement facilitated crack formation, which might led to the final
failure.

6 Conclusion

Hybrid design approaches for multi-functional parts open up great potential for new
designs of components. The integration of semi-finished products such as plates and pro-
files enables a significant reduction in 3D printing process times and costs. In addition,
it is possible to combine different materials without the use of additional assembly tools.
Essential boundary conditions for the profitable use of this hybrid technology are the pro-
duction of well-adhering connection zones between semi-finished products and 3D printed
structures. As part of the project, the influencing variables for maximum bonding were
therefore investigated for the material connections between PMMA (substrate) and PLA
(3D printed test object). In addition to untreated plate surfaces, laser- structured surfaces
were also examined with regard to their influence on adhesion.

Tensile strength experiments revealed that the surface roughness of the 3D printed
part influences the bonding strength of PLA/PMMA hybrid parts. Maximum bonding
strength was reached for printed surfaces with a low roughness value. Beside roughness,
the engravements of semi-structured substrates increased the bonding strength too.

To investigate the influence of substrate-surface-structure onto bonding strength, ten-
sile lap-shear strength was measured. The standardized experiment method showed, that
periodic engravements can increase the bonding strength of PLA/PMMA hybrid parts.

Finally, the research questions can be answered as follows:

Which conditions in the contact zone between semi-finished product (PMMA plate)
and 3D printing are decisive for maximum adhesion?

It could be shown that the thickness of the first layer, often due to insufficiently levelled
print beds, is decisive for good adhesion. In addition, the size of the connecting surface
plays a significant role. A suitable measurement parameter for the quality of the initial
layer is the roughness, which indicates the filling grade of the initial layer. Due to the
deviation of planned and real distance between the nozzle and the substrate, the calculated
extrusion rate was too low resulting in visible filament strands in the contact zone. The
roughness of these structures is higher than the roughness of proper filled initial layers.
It could be shown that the roughness is negatively proportional to the bonding strength.
To conclude, a smooth surface of the initial layer is mandatory to provide maximum
adhesion.
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Do structures processed by laser ablation have an effect on improving adhesion?
Laser-structured surfaces, even with vertical surface components, can increase the load-
bearing capacity of the connection if the grooves are fully penetrated and no gaps have
arisen. Furthermore, the depth of the engravements plays a significant role in improving
adhesion. As it has been shown, engravement with 0.34 mm depth provided a higher
adhesion than engravement with a depth of 0.16 mm. On the contrary, deeper engravement
can weaken the substrate by facilitating crack induction.

Further experiments are required to study the influence of macroscopic and micro-
scopic structures onto the bonding strength of multi-functional parts. Structured substrate
have been produced by a defined set of fabrication parameters, however, a variation of
these processing parameters might generate different microscopic structures which exhibit
different bonding strengths.

The combination of microscopic structures with macroscopic structures has to be
investigated to identify optimum combination of both effects to achieve a high bond-
ing strength. Engravement patterns and the direction of the engravement are additional
parameters which might influence the bonding strength of multi-functional parts. Fur-
ther, the relationship between 3D printing process parameters (e.g. nozzle diameter, layer
height) and the depth of the engravement should be investigated too for unrevealing pos-
sible relationships. In addition, the investigation of different material combination may
also enlarge the application area of the hybrid design approach.

By systematically investigating the influencing parameters for designing hybrid struc-
tures, a set of recommendations may be defined for enabling the industrial application of
the presented approach.
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Abstract

Advances in process and material technology of Additive Manufacturing (AM) and the
design freedom resulting from the layer-by-layer build-up principle provide new pos-
sibilities in product design. In order to utilize the resulting AM potentials in product
development in a focused and effective manner and thus to increase the overall product
performance, the research field “Design for Additive Manufacturing” (DfAM) supports
the identification of difficulties and provides suitable solutions, such as databases for
the transfer of AM-specific knowledge, or design methodologies for the product devel-
opment context. In this paper, a customer benefit oriented approach based on product
property trade-offs for the application of AM potentials considering existing DfAM
methods is presented and evaluated by academic and industrial workshops. For this
purpose, the workshop concept and the required tools for the identification of possible
conflicts of objectives and other DfFAM tools are explained and exemplary results of
the conducted workshops are presented.
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1 Introduction

Although additive manufacturing (AM) technologies have emerged from the rapid proto-
typing context over the last 30 years, the industry continues to experience dynamic growth
within the last decade [1]. This development is also evident from the amount of patents
granted during the last few years. In 2011, 3.111 3D printing related patents were granted
worldwide, in 2018 this number increased to an annual growth of 24.245 granted patents
with an rising trend [2]. The market volume of additive manufactured final parts has also
risen in recent years, although the share of final product applications that can be econom-
ically implemented in the medium term is in a single-digit percentage range [3]. As a
result of its unique design and manufacturing freedoms, AM enables novel design poten-
tials that enable innovative product designs and business models. In order to increase the
purposeful and economically feasible application of AM in the long term, the customer
benefit oriented use of AM potentials must be enhanced in order to ensure that the addi-
tional design freedom is taken into account in the early stages of the product development
process benefitting the products overall performance. As shown in more detail in the fol-
lowing section, this motivates the field of research “Design for Additive Manufacturing
(DfAM)”. DfAM pursues the goal of clarifying both facets of AM, the freedom in design
and production as well as the restrictions, developing corresponding tools for knowledge
provision and application. By developing suitable methods for the DFAM processes, cus-
tomer benefit oriented use of AM design potentials can be achieved, thus promoting the
creativity of the engineering designers simultaneously enabling the efficient and effective
use of those potentials [4-6]. Currently, engineering designers familiar to conventional
manufacturing processes (e.g. milling, casting, and molding) sometimes lack the neces-
sary knowledge to develop products exploiting AM potentials in a purposeful and efficient
manner, rarely considering them in the early stages of the product development process.
One possible consequence is that the selective use and consideration of individual design
potentials of AM does not always benefit product performance [6, 7].

To counteract this problem, this paper presents a customer benefit oriented approach
for the application of AM potentials based on product requirement trade-offs. Thereby
existing DfAM methods are taken into account and the achieved results evaluated by
means of an academic and industrial workshop are portrayed. With the help of the intro-
duced approach, product developers and engineering designers shall be equipped with a
guideline for the customer benefit oriented application of AM potentials, which further-
more also indicates helpful tools in the specific development phases of the product. In
the scope of this contribution, basic information on the state of the art in the field of
research DfAM is provided, followed by the introduction and description of the devel-
oped approach for customer benefit oriented application of AM potentials, including a
detailed description of the individual procedural phases and the necessary tools. Addi-
tionally, the setting of the conducted industrial and academic workshops is explained and
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discussed. Finally, the concluding results are summarized and discussed as well as the
outlook formulated.

2 Design for Additive Manufacturing: Current View

AM technologies present engineering designers with special challenges in the application
of design potentials, since a multitude of potentials combinations exist, often increasing
development complexity. In addition, due to the increasing application of AM, the need
for tools and methods for the customer benefit oriented application of AM potentials is
gaining relevance.

The DfAM research field addresses this problem with the provision of knowledge in
form of different methods and tools [8]. However, it is also important that a change in
mindset occurs in the early conception and design phases of product development, as
otherwise the design freedoms of AM processes cannot be fully exploited [9, 10]. Thus,
traditional design patterns based on manufacturing constraints and potentials with respect
to conventional processes must also be adapted [10, 11].

Additional aspects are that not only conventional manufacturing restrictions are the
cause for suboptimal part design and layout, but also lack of knowledge during the design
phase, insufficient or missing design tools as well as time capacities. For this reason,
the DfAM field of research develops and provides methodological tools for the targeted
application of AM [8, 12].

In addition to considering design options and design freedoms, the process restrictions
of AM processes [8, 13—18] are increasingly included and integrated into the development
of methods and tools. Those might be the necessity of support structures, achievable
material properties and surface qualities, post-processing efforts, amongst other process-
specific restrictions.

In the research field DfFAM meaningful application of newly gained design freedom
and manufacturing flexibility and thus of a widened solution space for product design
and resulting business models is targeted. As a result of this stage it is important to point
out, that AM does not always lead to non- consideration of manufacturing restrictions
and additionally no cost-neutral increase in geometric complexity can be expected, since
the decreased complexity due to tool-less manufacturing on production often results in
increased development complexity [19].

3 Customer Benefit Oriented Application of AM Potentials

Due to the layer-by-layer and tool-less build-up process, AM processes enable a multi-
tude of novel design possibilities related to the functional and geometrical composition
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of a product. As a result, complex lattice structures, undercuts or bionic shaped geome-
tries can be manufactured without significant additional effort during production [15, 20,
21]. However, these potentials should only be purposefully integrated into product design,
otherwise the AM implementation does not result in any optimization of the parts per-
formance. For example, solely additively manufacturing a brake caliper series geometry
initially designed for casting processes without a redesign most likely won’t lead to an
increase in parts performance neither exploit AM design potentials in a holistic manner.
Therefore the comparison of casted and the additively manufactured component with the
same initial geometry is not expedient for a technology assessment.

In order to enable a customer benefit oriented implementation of AM potentials in the
conception and design process, the research field DfAM provides the necessary infor-
mation and tools for engineering designers during product development. The systematic
network of AM design potentials according to Kumke [15] categorizes several levers
consisting of design potentials and the value propositions achievable through their imple-
mentation into thematic groups such as form and material complexity, cost reduction, or
overall product benefit. With each respective design lever an associated value proposition
can be achieved. Both, lever and value preposition, represent one AM design potential,
which summed up result in a holistic far-reaching design potential network. This way
the engineering designer is enabled to directly identify which product properties might
benefit by the implementation of a specific AM potential [15].

However, the use of AM potentials does not necessarily have to have exclusively ben-
eficial effects on the properties of a product, but may also cause selective negative effects.
Therefore, conflicting value propositions were identified by Fuchs et al. and compared in
a matrix of conflicting AM potentials [19]. This matrix represents an additional DfAM
tool and is intended to be utilized in combination with the systematic network of AM
design potentials. The matrix of conflicting AM potentials is structured in a pair-by-pair
comparison of all product related AM value propositions indicating physical correlations
and general trade-offs amongst them. Thereby the matrix of conflicting AM potentials
enables the engineering designer eager to exploit multiple AM potentials in one product
to acquire additional information regarding the desired combination of AM potentials.
This way, specific trade-offs are outlined, which on the one hand point out possible chal-
lenges and on the other hand serve to sensitize the user. In addition, suggestions for
possible solutions are provided to the engineering designer for the identified trade-offs
of interest. This way, a customer benefit oriented exploitation of AM potentials avoiding
hidden collateral effects is facilitated, even if engineering designers are not AM experts.

Table 1 shows an excerpt from the matrix of conflicting AM potentials.

In order to receive purposeful consideration of AM technologies in the product
development process, an approach for the customer benefit oriented application of AM
potentials was developed in the context of this work. This approach is intended to be
applied in the early stages of the product development process with the objective to
optimize trade-offs in opposing product properties. In the early phases of the product
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Table 1 Extract from the pair-by-pair matrix of conflicting AM potentials (freely translated from
[19]) displaying conflicts of the value preposition “design space reduction” (lines) with other value
prepositions (columns) derived from the systematic network of AM design potentials by Kumke

et al. [4]
Product Description 2. Weight reduction 3. Higher 4. Energy 12. Insulation
benefits efficiency in  absorption improvement
energy improvement
conversion
and transport
1. design # = conflict # # # #
Space Description Lattice might F ion of Design space Mesoscopic structures
reduction leads to an increase in design space reduction might can improve the
design space and a might reduce the insulation but increase
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development process the holistic exploitation of AM potentials is most promising, as the
functional structure and the partitions of the components are not yet determined.
Figure 1 gives an overview of the developed approach including the main phases to
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Fig.1 Overview of suggested approach for a customer benefit oriented application of AM potentials
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be executed including helpful tools to do so. A market pull or a technology push is
assumed as potential initial triggers for the application of AM potentials. A market pull
describes a problem-driven approach, which can be caused, for example, by changes
in customer requirements or by unforeseen technical problems. The Technology Push,
on the other hand, describes a possibility-driven approach which, for example, enables
component optimization through further developments in manufacturing technology, so
that an increase in performance or a cost saving might occur [22].

In the first phase, the necessary information about the product, the assembly or the
part to be developed is collected. This being either an original design, an adaptive design
or a variant design [24]. The product specification including the list of requirements or
specifications, the functional product structure and existing 3D data such as design space
and package models and possible predecessor parts are taken into account as relevant
information.

After all relevant information has been gathered, all product requirements and derived
functions are subsequently examined and possible conflicts arising from contradicting
requirements are identified in the second phase (see Fig. 1, phases 2.1 and 2.2). In this
phase, the product requirements are assessed for trade-offs independently of the part and
components partitions, ensuring that conflicting requirements are identified regardless of
conventional part geometry and other part-specific characteristics of previous designs that
narrow down the solution space. In phase 2.3 the identification of relevant trade-offs
and diverging requirements is concluded with the prioritization of the individual target
conflicts. Prioritization is based on the relevance of the identified trade-off for the overall
product performance from a customer perspective.

In the subsequent third phase, the identified requirement trade-offs on product level
are assigned to affected components and assemblies. (See Fig. 1 phase 3.1) Those respec-
tive assemblies are structurally categorized into basic functional principles (e.g. kinetic
energy absorption, fluid-, heat- transfer, vibrational resistance, etc....) necessary to realize
product specific features. This way the suitability of AM for a specific assembly can be
assessed based on the functional principles to be realized and not only on the predecessors
embodiment. Subsequently in Fig. 1 phase 3.3 a classification of the suitability of AM for
the optimization of identified component or assembly is assessed. In focus of this assess-
ment are in general the compatibility of the component specific functional principles with
general AM characteristics based on DfAM knowledge and simultaneously process AM
restrictions specific to the considered technology (e.g. build volume, accuracy, material
properties, etc.). Assemblies with low classified fit to AM characteristics and restrictions
are not further considered. Otherwise, components have been identified for the following
conception phase. The analysis is intentionally carried out on component/assembly and
not on part level. This way opportunities for functional integration and part consolidation
are not excluded in the early stage of the analysis.
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However, in order to exploit the AM optimization potential for the identified compo-
nents and assemblies as holistically as possible, in the fourth phase it is required to rethink
and if necessary redesign the component of interest including its assemblies and parts
with support of the indicated DfAM tools. As particularly suitable for the development
of conceptual solutions are those DFAM methods indicated in Fig. 1. After completion of
conceptual solutions, part design concepts are developed based on identified AM poten-
tials and their relations among each other (see Fig. 1, phase 4.2). As a result, a design
concept is derived, which addresses customer relevant product requirement trade-offs,
which is suitable for a certain AM process and takes AM potentials systematically into
consideration. The derived concept is suggested for further detailed development activities
according to the product development process of choice.

Overall, the proposed approach for the customer benefit oriented application of AM
potentials represents an opportunity to examine existing and new products for optimization
potentials using AM processes, including the direct relation to customer relevant product
properties and assistance for the concrete implementation of the targeted solution ideas.
The applicability of the approach was further tested in the academic and in the corporate
environment by means of two interactive workshops explained in further detail in the
following chapter.

4 Validation Workshops

The feasibility of the presented approach for the customer benefit oriented application of
AM potentials was tested in the context of this work in two separate workshops, one con-
ducted in the academic and one in the corporate environment, both based on the use-case
of a front section of a premium sports car. For this purpose, a total of 12 participants
mainly with expertise in the field of automotive engineering, design and product devel-
opment as well as manufacturing experts were invited. The workshops were conducted
equally in both environments. Only the professional background of the participants varied
slightly, as half of them are primarily active in the research environment and the other
half in the corporate environment. The vast majority of the participants were 25-34 years
old males with two exceptions, one being younger than 25 and one older than 50.

The workshops were designed and conducted as online workshops to comply with
health and safety measures due to the occurring COVID-19 pandemic. At the beginning
of the workshops, a short introduction to the topic of AM and DfAM was given, so that
each participant was provided with basic AM knowledge. The main topic was focused on
engineering design using exemplary digitally visual objects. Additional aspects regarding
economic and ecological potentials of AM were also mentioned. Furthermore, do’s and
don’ts examples of AM show-cases were shown to enhance the awareness of the work-
shop participants for purposeful and less purposeful AM applications. As mentioned in
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Sect. 2, additive manufacturing of parts geometries developed for conventional manufac-
turing processes without rethinking the conceptual design is most likely not exploiting
AM potentials properly. As positive examples, AM applications were demonstrated that
were explicitly developed for AM, taking different potentials and limitations of AM into
account.

Subsequently to the introduction and briefing, the interactive work phases were con-
ducted. Overall, the workshop was structured in two main phases, each of them consisting
of a work phase and a result presentation (1st phase compare Fig. 1, phase 2 and 3, 2nd
phase compare Fig. 1, phase 4). The first work phase comprises the identification of prod-
uct properties trade-offs and components/assembly of interest on the exemplary vehicle.
The objective of the first work phase was to use the provided approach and tools to iden-
tify competing requirements and functions in the requirements list and functional structure
of the front end section of the vehicle of interest. Figure 2 shows the provided worksheet
as simplified specification sheet including a list of requirements, an abstract extract of
the functional structure as well as an overview of the front end assembly of the vehicle.
The 3D-Data of the front end was provided as an interactive 3D PDF enabling the par-
ticipants to continuously rotate and hide/show individual parts of the assembly during the
workshop.

The list of requirements in Fig. 2 indicates exemplary types of requirements in the
areas of driving dynamics, comfort, consumption and safety. The function structure sug-
gests exemplary functional groups from the vehicle areas of body, chassis, electronics,
interior equipment and assemblies. In the first work phase, the workshop participants were
supposed to identify competing requirements and functions. Exemplarily the requirements
maximized vehicle velocity and maximized vehicle range can be mentioned as opposing
objectives in the vehicles properties. The requirements of maximum velocity and low

Worksheet 1/3
1. Phase: Collect product descriptive information (# applicable predecessor, )
1.1 List of requirements 1.2 Functional structure 1.3 Design data (CAD-Data) [sport premium automotive segment)
it N oy
Requirement detcripbion '
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=
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Electr{on)ic
Irterior Equipment
Vehicie ra
o Agegregates.

SAFETY

Pedesirian impact protection

Froet impact

Fig.2 Worksheet for identifying requirement conflicts in the requirements list and the functional
structure
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Fig.3 Worksheet to identify relevant conflicting goals and spread of requirements

drag coefficient, on the other hand, can be considered compatible. All competing require-
ments and functions identified by the workshop participants were transferred to the second
worksheet (see Fig. 3).

Figure 3 shows the second worksheet of the first workshop work phase, in which the
identified trade- offs are entered, prioritized and assigned to concrete involved vehicle
assemblies. Subsequently, all target conflicts are subjectively prioritized on the basis of
their relevance for the customer (see phase 2.3 in Fig. 3). For example, requirements such
as vehicle range and seat comfort are rather perceived by the customer than frontal impact
energy dissipation and stiffness under aerodynamic wind pressure, although these require-
ments are highly important as well. In the two workshops, several specific assemblies
were assigned as potentially beneficial for the customer, for example wheel carriers, brake
calipers, bumpers and axle components in general were identified as potential assemblies
with optimization potential linked to customer perceived vehicle properties. In addition to
the identification of the parts and assemblies, their AM suitability was also rated accord-
ing to the background knowledge of the participants. In particular, large volume shell
parts such as bumpers were found to have little potential for additive manufacturing,
mostly due to their size in comparison with available build volumes. After all trade-offs
were identified and assemblies were assigned, the first work phase was concluded and
the results were presented to the workshop participants. In this way, the participants were
able to compare results and take away inspiration for the second work phase.

With a presentation of the helpful tools, the second work phase was initiated. The tools
used were the systematic network of AM design potentials [15], the matrix of conflicting
AM potentials [19], design rules for AM [21] and ideation sheets. The task of the partic-
ipants in this phase was to select 2-3 identified assemblies and to generate concepts on
how to optimize them with the help of the tools provided. The ideas developed for the
selected components were documented in the ideation sheets (see Fig. 4).
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Worksheet 3/3

Title: Te ized 3D

poiogy op P g Axle Comp

Description Sketches

Topology optimization of axle components for weight

. 1 i Bionic structures
savings = reduction of mass moment of inertia i

Topology optimized

Consideration of bionic models and/or integration of lattice ) o housing

structures

Identified levers and benefits wih the help of the potertial systematics
Mesoscopic lattice structures 2 weight reduction

Freeform surfaces

Integral design < reduction of design space
=» Reduction of assembly costs
= Reliability increases
Identified potential contradictions wis e help of the goal conict matrix

Defined screw-on points

N

Lattice structures

Reduction of design space < Reduction of weight
Functional integration
(connections or similar)

Fig.4 Ideation sheet to specify and document the applied AM potentials according to identified
trade-offs

Figure 4 shows an exemplary sketch of a topology-optimized axle component for AM.
The idea of this adapted axle component is to achieve weight savings by means of topol-
ogy optimization in order to reduce the rotational mass and therefore the moment of
inertia. Identified levers and value propositions in the systematic network of AM design
potential were the mesoscopic lattice structures, weight reduction, free-form surfaces,
integral design, design space reduction, assembly cost reduction and reliability increase.
Conflicting AM potentials identified by the participants were “design space reduction”
versus “weight reduction”, as a weight reduction often goes hand in hand with increased
cross-sections. On the right hand side of the idea sheet a virtual sketch illustrates the
re-imagined axle component. With the completion of the ideation sheets, the second work
phase of the workshop was attained and finalized with the presentation of the results to
all participants.

A total of five comprehensible conceptional ideas were developed during the work-
shops and two further ideas were sketched out. Additional exemplary resulting ideas were
heading towards additively manufactured joints in the crash structure of the vehicle and
damping elements to accommodate the steering assembly as well as topology-optimized
axle components. In the context of these concepts, 10 design levers and 12 value propo-
sitions from the systematic network of AM design potentials were applied and five
potential contradictions were identified using the matrix of conflicting AM potentials.
The ideation sketches varied greatly in their comprehensibility, due to digital challenges
such as sketching with a mouse and time constraints. In addition, even though the con-
ceptual ideas differed slightly in between participants, no general differentiation in the
results of academic and the corporate participants were noticed. One reason for this could
be the participants advanced experience in the field of AM. It is possible that noticeable
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differences between academic a corporate environment could occur when dealing with
non-experts in this topic.

In conclusion, good and comprehensible concepts were developed in the course of both
workshops, which, in addition to the AM potentials identified, were also able to highlight
some conflicts among them, which could, however, be mitigated with the help of the
matrix of conflicting AM potentials. However, it became clear that the user-friendliness of
the matrix of conflicting AM potentials has room for improvement due to the documents
size and therefore the time necessary to obtain the necessary information. Nevertheless,
the general added value was confirmed in the evaluation and a transfer to a digital user
friendly version was suggested. The online workshops conducted on the customer benefit
oriented application of AM potentials were also positively rated by the participants and,
according to the evaluation, both the approach procedure and the tools used were rated as
useful and helpful for the purposeful application of AM potentials.

5 Conclusion and Outlook

In the context of this paper, an approach for the customer benefit oriented application
of AM potentials was presented and carried out in two workshops, one industrial and
one academic. Furthermore, the necessary tools for the presented approach were utilized
and strengths and weaknesses were identified accordingly. Although the research work
presented addresses some challenges in the field of AM processes, there is still a great
need for action in the field of DfAM to ensure a customer benefit oriented application of
AM potentials and thus to fully exploit the optimization potential offered by this technol-
ogy. The workshops held were rated positively overall by the participants, and the tools
used and the approach presented for the customer benefit oriented application of AM
potentials were also considered helpful. The evaluation of the workshops showed that the
implementation and the workshop concept were approved by the participants and that the
structure of the work phases and the integration of own ideas was successful. Overall,
most participants were satisfied with the workshop results and rated the approach sug-
gested as purposeful. In the area of methods and tools, the systematic network of AM
design potentials [15], the matrix of conflicting AM potentials [19] as well as their use
were assessed as goal-oriented and useful. In addition, the general procedure for the opti-
mization of parts was also rated useful and comprehensible. The general accessibility to
the 3D-Data as 3D-PDF was rated as helpful by the participants. All in all, the workshops
were a success in which good and useful results were achieved by the participants with
the help of the approach presented and the tools used. The tools are helpful in finding
conflicting product requirements or identifying relevant components or assemblies. It was
also found that the systematic network of AM design potentials [15] and the matrix of
conflicting AM potentials [19] exhibit symbioses and complement each other, facilitating
product development for additively manufactured parts.
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The approach presented and the tools used in the two workshops offered a good oppor-
tunity to compensate for the lack of AM knowledge and generates plausible solutions in
a purposeful manner. Even though there is a far-reaching need for further research in the
field of DfAM in order to fully implement the customer benefit oriented application of
AM potentials in product development. In addition, tools such as the matrix of conflicting
AM potentials offer optimization potential in terms of usability.

Another research focus with respect to DfAM is complexity management in the context
of engineering design itself. The layer-by-layer build process allows complex structures
to be manufactured often without significant manufacturing efforts. However, this com-
plexity is distributed to the earlier phases of the product development process. This shift
in complexity results in the fact that, for example, complex and highly optimized designs
(e.g. bionic distinct lattice structures) are still challenging to be realized with conven-
tional CAD and CAE tools, making the engineering design process significantly more
complex. Some companies offer dedicated CAD tools for AM, however these tools are
rather focused on AM process specific challenges and do not yet provide the required
capabilities for highly optimized complex designs. Finally, enabling additional and oth-
erwise not feasible customer value in future products is one mayor pillar to propel AM
technologies. The approach presented here might contribute accordingly.
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