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Abstract: The conventional approach to design and manufacturing often has geometries with an
efficient material distribution. For the high-precision machines, that approach involves the design
of heavy components that guarantees the stiffness requirements. However, the higher the weight of
the part, the higher inertia it has. As a result, when the feed axes are accelerated, the inertial forces
deform the machine components and the precision of the machine is reduced. This study
investigated the designing for additive manufacturing (DfAM) and designing for assembly (DfA)
to increase the material efficiency of components for high-precision applications. A new
methodology which considered the design and manufacturing issues and machining as well is
given. A comprehensive model for cost evaluation of the part is presented. The case study refers to
the rails and the bracket that support and move the flying probe of a testing machine for micro-
electromechanical systems (MEMS). The weight of the rails has been decreased by 32% and the
components to be assembled have been reduced from 16 to 7. The optimized bracket is more than
50% stiffer than the original one, 10% lighter, and economically competitive.

Keywords: design for additive manufacturing (DfAM); displacements; laser powder bed fusion (L-
PBF); manufacturing constraints; stiffness; costs

1. Introduction

In recent years, the development of additive manufacturing (AM) technologies has led to
numerous opportunities to fill the gap between optimal design and product application. The
advantages of AM over conventional subtractive or formative methods clearly emerge when
considering the great design freedom that can be achieved [1-3]. AM technologies allow fully dense
and near-net-shaped parts to be produced with complex structures made of excellent materials.
Industrial applications can be found for metal components [4], for which traditional manufacturing
processes are expensive or difficult to apply [5]. The geometries that result from such design
techniques as topology optimization (TO) [6-10] are examples of such geometries [1]. The so-called
design for AM (DfAM) is being explored to show the design opportunities that are enabled by the
adoption of both TO and AM [11,12]. At the current state-of-the art, components for structural
applications are redesigned to achieve both weight reduction and performance improvement. In
these components, TO has been conducted so far by introducing a decrease in stiffness [13] or using
more performing materials specifically developed for AM technologies [14-16]. Such solutions may
be effective in several fields, but they may not be practicable when the choice of new material involves
a large increase in the cost of a component, or a much lower component stiffness. The stiffness of the
structural components (such as the measuring probe, brackets, and the rails that support the
measuring probes and motors) plays a key role in the accuracy of the machine, especially for high
precision applications [17]. The use of conventional design methods and manufacturing systems lead
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to heavy and large components as final output [18] to guarantee high rigidity and limited
deformations and vibrations [19,20]. However, the increased component weight (inertial forces)
involves higher bending forces which may cause larger measurement errors [17]. Additionally, the
accumulation of mass forces implies the use of lower traverse speeds that decrease machine
productivity [21]. The aim of this research has been to show how such critical issues can be overcome
by exploiting the benefit of DfAM. The study focused on the redesigning of some component of a
high precision machine that uses flying probes to test the boards of micro-electromechanical systems
(MEMS). Considering that only small production lots are produced per year and each testing machine
is highly customized according to the specific requirements of each customer, the redesign lends itself
well to production through metal AM systems. Because of the requirements of high dimensional
accuracy, the laser powder bed fusion (L-PBF) technique is considered [22]. A comprehensive
approach was proposed in which material distribution optimization, design for L-PBF, and design
for assembly (DfA) are considered. This approach aimed also to overcome the current limitation of
the design techniques and building volume of the L-PBF systems. The feasibility of the components
and the machining operations have been investigated, and a comprehensive and detailed cost model
has been developed and applied.

2. Design for L-PBF

During an L-PBF process, a laser source fuses a region of a metallic powder bed according to the
computer aided design (CAD). When the one layer has been completed, the building platform is
lowered, and the next layer of powder is deposited on the previous one. The process is then repeated
until the part is completely built. Production by L-PBF (black flow line in Figure 1) involves several
steps: the cleaning of loose powder from the part and post-process operations, including stress-
relieving, removal of the supports, shot peening, heat treatments, and finishing operations [23].

The design of a part and its orientation on the building platform together with the choice of
process parameters play a key role in the success of the process. From this point of view and according
to one of the main rules for correctly using AM technologies, the design for L-PBF should focus on
using the material only where necessary. Designing for L-PBF means considering during the design
phases not only the constraints of the process, such as the minimum dimension of the feature, but
also all activities that aim to guarantee the process and the part compliances, including the next
manufacturing steps (support removal and machining). Here, the dimensional and the surface
qualities and the metallurgic properties to be achieved on the part need to be considered [24].

For the part design, the DEIAM and the DfA are the only possible design methodologies related
to AM [25]. However, a comprehensive approach considers five steps: 1) the acquisition of the CAD
model; 2) the part optimization; 3) the resulting new design; 4) the optimization of the orientation
(purple square), and 5) the design verification. The optimized part from a structural point of view is
the input for the subsequent steps. Advanced design techniques, such as TO, can be applied in this
phase [2]. The optimized geometry needs to be checked under the geometrical limitation of the
process. Adam et al. [26] provided a classification of these limitations, but it should be noted that
design rules for L-PBF must not be considered as constraints but as modifiers during the design
optimization [27]. Points 3 and 4 are iterative steps which consider reducing as little as possible the
modifications of the optimize geometry resulting from step 2. Point 4, together with the support
optimization, considers all of the above-mentioned activities. The evaluation of the optimal
orientation is a hot topic in literature and usually is mainly based on the avoiding of support
structures [28]. Leary et al. [29] proposed a methodology to evaluate the optimal build orientation
according to the manufacturing time and component mass. However, because the L-PBF components
are only near-net-shape, finishing operations should be carefully considered. Additionally, since
support structures cannot be completely avoided, proper support design should be considered as
leverage for the process [30].

The optimization phases (orientation and supports) are developed here with the aim to limit the
support structure and the allowance for the machining operations. The iterative flow (red flow line
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in Figure 1) is maintained between the product design and the optimizations steps that may be

involved in partial design modifications.

The part orientation phase (purple square in Figure 1) has the purpose of optimizing the part
orientation, position, and arrangement on the build platform because they can have an impact on the
stability and speed of the process as well as on the properties of the components e.g., on residual
stress-induced warping, known as curl effect. When the recoating blade deposits a new layer of
powder on the previous one, it approaches the already fused area. If the molten section is large, the
force applied by the blade on the part could detach it from the building platform or lead to the stalling
of the blade motor. To reduce the contact length, the part should be rotated by a small angle (from 5
to 8 degrees on the building platform with respect to the blade).

Cylindrical surfaces are the first features that need to be considered. The best solution, which
reduces the dimensional error, is the positioning of the cylindrical surfaces with their axis
perpendicular to the building platform. Among the surfaces, the accuracy of the internal ones has the
priority due to the difficulty to machine these kinds of surfaces. Anyway, the accessibility of the area
to remove the support should always be verified. In fact, the purpose of adjusting the orientation of
a part is also to alter the inclined angles of the overhanging surface to minimize the number of
support structures. Support structures locally reduce the dimensional and the surface quality, and
therefore they limit the design freedom due to the additional post-processing operations required to
remove the supports. Similarly, support structure should be avoided on thin features that could be
damaged during the support removal operations. The orientation should also minimize the number
of surfaces to be finished. If the rough surface or support structure cannot be avoided, those surfaces
should be the same that, according to the design requirements, need to be machined. Therefore, e.g.,
the best solution is to move and rotate the part until the surfaces to be machined are the same that
serve to attach the support to the part. Overall, it should be considered:

e Adding a suitable allowance, albeit only to the features that need to be finished or where the
prescribed roughness is lower than the surface roughness obtained when using the L-PBF
process. Post heat treatments that can cause modifications of the final geometry should also be
considered;

e  From the design point of view, since the surface roughness depends on the orientation of the
part in the build volume, the part should be oriented to minimize the finishing operations;

e  If the holes need to be finished by machining, consider directly machining the holes;

e  Because complex geometries can lead to problems related to the positioning of the part during
the finishing operations, flat surfaces should be designed as reference surfaces for the
subsequent operations. Specific tools may be produced directly, by means AM processes for
metals or polymers, and used to fasten the component to a standard tool;

e  Some features could be designed with the aim to support the part during the L-PBF process and
as an aid for the fastening of the component during machining. On the other hand, the features
to be machined should be simplified according to the design for conventional manufacturing
rules.

The next step “support design” (blue square in Figure 1) aims to design proper support
structures that allow fixing the part to the building platform, to support critical surface angles and to
prevent deformation of the part due to heat accumulation and thermal stresses [30]. Additionally, the
support design workflow helps in designing suitable support structures that are easy to remove and
minimize the machining.
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Figure 1. Design and manufacturing for an laser powder bed fusion (L-PBF ) process.

3. Economic Analysis
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The overall objective of the economic analysis is to estimate the manufacturing costs. Differently
to the literature on the conventional manufacturing processes, the costs for metal AM processes have
only been dealt with in a limited number of case studies, and a well-structured approach has not yet
been presented. Rickenbacher et al. [31] introduced a cost model for L-PBF that considered only some
components to calculate the manufacturing costs. However, they neglected some relevant items, such
as the fixed cost of the machine due to the maintenance and the heat treatment required to release
the thermal stresses. Moreover, they introduced arbitrary factors to model the frequency of material
changes, which was evaluated on the basis of a single build rather than a single part. Baumers et al.
[32] proposed a general production cost model for electron beam melting (EBM) and direct metal
laser sintering (DMLS), which is the EOS GmbH tradename for their L-PBF process machine. Their
study estimated the costs according to machine usage. However, they did not consider any design
optimizations and neglected the partition of the machine cost of when different components are
produced in the same job. A general estimation model of the manufacturing costs of AM processes
should consider the so-called well-structured costs, Cwellstructured, Which cover the direct and the
indirect costs and can be computed for a single produced part. The direct costs refer to the costs that
are directly associated with the production. They are absent if the production is halted. The indirect
costs refer to those costs which cannot be avoided when the production is interrupted, such as the
salaries of the administrative staff. The direct costs and the indirect costs are functions of the build
time of each part.

As far as the indirect costs are concerned, the following costs were calculated:
Machinery depreciation, which is distributed over the total working hours of the year and
computed in proportion to the build time, according to Equation (1):

Cmachine(1*) | thui
Sl 0
where Chmachine is the cost of the machine, n is the number of years, which is usually assumed
equal to 5, i is the interest, hyear is the annual working hours, and touid is the building time.

e  Administrative costs, which are distributed over the total working hours per year and computed
considering the build time;

e  The costs due to the renting the premises are computed considering the space occupied by the
machine and the auxiliary systems.

The direct costs are:

e  Thedesign costs per part C4, which can be referred to as the time required to design and optimize
the geometry. Since an optimized geometry must be obtained from a manufacturing design, Ca
also refers to the time spent assembling the job (all activities included in checking Figure 1 such
as the creation of the STL file, orientation, creation of the support structures, slicing and setting
the process parameters). Thus, Ca can be computed as:

1 Ccapsw CeaMsw

Cd:N_ps [(Cdoper+ hsiﬁ) tq + (Cdoper+ hs:ﬁ) kl lL-job] (2)
where Caoper is the designer’s hourly rate, expressed in €/h, Ccabsw and Ccamsw are the cost per
user of the annual software license for the CAD model and the job preparation, respectively,
hcapsw and heamsw are the number of hours of use of the software per year (€/year) for the CAD
model and the job preparation, respectively, ta is the time that is required for the design and tjb
is the time that is required to prepare the job, and it is weighed by ki, which is the ratio between
the volume of the part (including the support structures and the allowances) Vo+a:s and the total
job volume Vijob. k1 is used to account the building of parts with different geometries in the same
job. ki considers that the larger the volume of the part, the more time is required for the building

time. Nps is the total number of parts that have to be produced.
e  Setup Cost per part, which refers to the preparation of the machine before the job starts. It
includes the cost of filling the dispenser, Cn, the cost of preparing and checking the chamber,
Cenv (e.g., argon flow), the cost of resurfacing the build platform, and Couid plat, the cost of
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removing the supports after the part has been removed. Build platforms are usually re-surfaced
by milling operation [33]:

Csetup=k2 Cfill+k1 Cenv+k3 Cbuild plat (3)

where Ciin = Copertii, and tan is the time required to fill the dispensers. Couild plat = (Cmachining - W(H
+ex))/(0.50Dvo) is the cost of resurfacing the build platform by machining in a single operation.
Cmachining is the hourly cost of the milling machine, W and H are the dimensions of the build
platform, ex is the sum of the approach length and the overtravel, D is the diameter of the mill,
and vo is the material removal rate (mm/min). As ki, ko, and ks take into account the building of
parts with different geometries in the same job, k2 considers the percentage of material utilized
for the building of the part against the quantity used to fill the dispensers (Matqisp). Matgngisp
considers a quantity of powder expressed in kg that corresponds to the quantity of material to
fill a building volume corresponding to the maximum height of job multiplied for the dose
factor. The dose factor depends on the saturation of the build platform. An additional 20% of
material could be also considered. ks considers that the larger the projected area of the part on
the build platform is, the higher the cost of the part for the milling operations:

__ Wi
2 Matgigisp )

_ surface of the build platform occupied by the part
3=

total surface of the occupied build platform (5)

where W is the quantity of material used to build the part and Mattindispis the quantity of material
used to fill the dispenser.
When Argon is used, Cenv can be computed as follows:

CenV:CArVAr+Coper lL-operAr (6)

where Car is the price of the Argon per m?, and Var is the total volume of Argon used to fill the
build chamber and achieve the right pressure before the process starts. toperar is the time required
for the operator to start and control the procedure.

e  Production cost, Cproduction, refers to the direct cost of building the part. This cost includes the
energy consumption of the machine and of the other systems, including gas consumption. In
addition, this cost includes the maintenance of the machine and the other systems during which
a downtime period is required. These costs are computed as indirect costs and are a function of
the time that the machine is used to build the part. However, these costs are not taken into
account when the machine is not utilized, unlike the indirect costs, which still have to be
considered, even when the production is halted:

Cproduction: Cgas (texp +k4 lL-cooling)‘i_CAMtbuild (7)

where Cgas is the hourly rate cost of the gas that is used during the building and cooling of the
part, Camis the direct hourly rate cost of the AM system and is the sum of the costs of the energy
consumption per hour, of the maintenance of the machine and the other Cmm systems. Cum,
which is distributed over the total hours between two subsequent maintenance operations of the
trom systems, is calculated as follows:

Opertmm+crc)

Com=E = (8)

thom

where Coper is the operator’s hourly rate cost, expressed in €/h, tmm is the time that is required for
the maintenance operations and Cr is the cost of the replaced components.

e  Material cost, Cma, is obtained from the total material quantity W, and is calculated according
to Equation (9). The cost of powder, Cpowder, refers to the cost per kilogram of powder:

Cmat=Wm Cpowder (9)



Crystals 2020, 10, 161 7 of 22

¢  The manufacturing cost is related to the build time, and it includes the idle time and the exposure
time, texp, per part, as presented in Equation (10):

touild :kl (theating plat+taux +tﬁllAr)+teXp +k4 tcooling (1 O)

where theating plat is the time required to heat the build platform, taux is the extra time required
before starting the process (the cleaning and levelling processes of the build platform,
compacting and leveling the powder, cleaning the lens and lens cover), teinar is the time required
to fill the build chamber with argon, and teoling is the time required to cool the part. ks is a
coefficient that is introduced to consider the building of parts with different geometries in the
same job and is defined as follows:

the total surface of the part
4= (11)

* Y the surface of the parts

ks considers that the larger the surface of the part is, the more rapid the cooling.

e  The post-processing cost, Cpost proc, only includes the operations that are mandatory to consider
the AM process complete. For these reasons, Cpost proc contains the cost of removing the support
structures, Cremsupp, the cost of the post treatment, Cposttreat, the cost of the heat treatment to release
the residual stresses for the L-PBF process, and the cost of polishing the part, Cpolishing, by shot
peening:

Cpost proc=k3Crem supp +k1 Cpost treat+Cpolishing (1 2)

Crem supp=(CEDMV0EDM+Csaw VOGr)lbuild pIatform+Copertrem (1 3)

The support can be removed by means of a wire electro discharge machining (EDM) process,
manually or by sawing. Ceom and Csaw are the hourly costs of the EDM machine and of the saw,
respectively. voepm and vecr are the material removal rates for EDM and sawing processes,
respectively. lbuid platform is a length of the build platform and trem is the time required to remove
the support structures manually. Cpost treat and Cpolishing are evaluated as the hourly costs for the
machine and the time needed to complete the operation. ks considers that more supports are
necessary for larger surfaces. ki considers that the larger the parts are, the longer the time needed
in the oven.

e  Finishing costs, which refer to the additional operations necessary to finish the part and achieve
the required dimensional, geometrical, and surface accuracy. This information should be
defined at the design stage.

4. Case Study

The study has dealt with the system (Figure 2) that supports and moves a flying measure probe
in a working volume. Each test machine has eight flying measurement probes: four to acquire signals
from the top of the board and four to acquire signals from the bottom of the board. The high precision
flying probe is supported by a bracket which also contains the vision system and the lighting system
that are used to acquire images during the measurements, the mechanisms that are used to move the
flying measure probe and the data collection systems. The flying probe and the system used to collect
data and to move the probe are joined to the bracket by means of six screws, while the vision system
and its data collection system are joined to the bracket with four bolts. The whole system (bracket,
flying probe and vision system) is joined to the X-rail by four bolts and aligned precisely with two
dowel pins. The linear motor guide is assembled in the upper part of the X-rail. The X-rail also
contains the motor stator magnets which are enclosed in the rail by two side covers. The X-rail is
joined to the bottom part of the Y-rail and is equipped with another linear motor. The electric motors
move the whole system linearly along the X and Y axes. The probe can also be moved along the
Z*axis, which is rotated by a certain angle with respect to the normal of the XY-plane. The overall
dimensions of the two rails (orange in Figure 1) are 220 x 690 x 101 mm? and the total weight is around
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5000 g. The maximum envelope for the bracket is 150 x 60 x 60 mm?3. The bracket weighs 203 g, while
the whole system (probe, vision and lighting systems) weighs about 1400 g.

Vision and lighting Bracket
systems

Probe

Side cover

o
~
~
S==
~
~
SSo
~3
~

Y- rail Linear motors

Figure 2. Case study. The systems that are subjected to redesigning are the X and Y rails and the
bracket.

From the structural point of view, the most critical components for the accuracy of the machine
and its dynamics are the two rails and the bracket. Because of the low number of parts produced per
year (around 400 parts), a three-axis milling machine is used today to shape the components from
raw aluminum 7075 alloy ingots.

The part of the system that considers the two rails includes 16 elements and requires 12
operations to join the two rails. The weight of these elements lies on the linear motor and affects the
acceleration and deceleration ramps when the flying probe is moving in the working volume. Owing
to the design criterion which lies to the high stiffness, the system is subjected to low stresses. The
redesigning of the rails is aimed at streamlining the assembly in order to reduce the geometric errors
that are accumulated and propagated, step by step, during the assembly process and which may
affect the machine accuracy [34]. Redesigning is also aimed at reducing the total weight while
maintaining stiffness. The design limitations, due to the larger rail dimensions (690 mm) than for
most industrial metal component AM systems, need to also be considered at the design stage together
with subsequent machining operations.

The current design of the bracket exhibits a maximum displacement of over 30 um, which
exceeds the design requirements of 20 um. The generated bending excess affects the position of the
probe and the precision of the measurements. This error is currently compensated for by adopting
suitable algorithms to adjust the probe positioning. From an industrial point of view, this choice is
the best compromise between the time and costs necessary to design and manufacture (machine and
component set, tools, etc.) the bracket. The bracket redesign is aimed at increasing the stiffness to that
of the requirement (20 pm) while maintaining its original weight to avoid an increased load on the
electric motors.

Both components are designed to be produced using gas atomized AlSil0Mg powder, as it has
similar properties to the original material. The material properties are reported in Table 1. Exact
details about the machine, the geometries, the load conditions and the working cycle considered in
this case study cannot be disclosed for confidentiality reasons. However, this should not rule out the
understanding of the main findings of the case study.
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Table 1. Material properties: comparison of Aluminum 7075-T6 for the three-axis milling machine
and AlSi10Mg for L-PBF systems.

Property Aluminum 7075-T6 AlSi10Mg
Density [kg/m?] 2810 2670
Young’s Modulus [MPa] 71700 75000
Yield Strength [MPa] 503 350

4.1. Design of the Rails

A simplified model of the original system was initially implemented in Inspire™ 2018
SolidThinking®, version 2018, build 9508, to analyze its mechanical behavior. The probe, and the
vision and the lighting systems were modelled as concentrated masses. The magnetic forces from the
linear motor were simulated as vertical loads. A finite element (FE) method was used to solve the
model. As expected, the system showed an almost uniform stress distribution and high equivalent
stress of around 20 MPa, which is far below the limit of the material (Table 1). As already mentioned,
the low stresses are due to the high stiffness design criterion. Thanks to the low stress (see
supplementary file), the part can be redesigned freely considering only the peculiarity of the L-PBF
process. The components of the system were therefore redesigned to achieve an efficient new material
distribution and weight reduction while only coupling areas were constrained.

As far as the X-rail is concerned, the design starts with a redesigning of the vertical walls (Figure
3a, 3b). Each vertical wall was replaced by two thin honeycomb-structure walls. These structures
were demonstrated to be self-supported, and allow better stress distribution and light. The walls were
also placed out of sync in order to distribute the stresses more evenly during the production of the
components and during operation. A new material distribution was considered for the bottom wall
using the Voronoi algorithm (Figure 3c). The cover was then welded to the rail (Figure 3d) to improve
the stiffness of the rail and it was shaped like a cross. A similar approach was followed to redesign
the Y-Rail (Figure 3e).

Original Design
(@) (b) ()

New Design

OOOOOOOOOOOO(

~ @googoéoéoéoéoéoéoéoéoéc

——
7.2

Figure 3. Details of the redesigned features for (a, b, ¢, d) the X-rail and (e) the Y-rail.

After the redesign of every single part, the parts were assembled and unnecessary features were
removed. The whole system was therefore redesigned to be produced as a single monolithic part as
follows. The two rails were then welded together. However, the component had to be split into three
parts to fit most commercial and industrial L-PBF systems. Owing to the dimensions of the new parts,
with the aim to produced them in a single job, an EOS M400 machine (400 x 400 x 400 mm?) has been
considered for the production. Figure 4a shows the results of the optimization phase (Section 2 and
Figure 1) in which the support structures and the surface finishing are minimized. In this way, only
the top surfaces of the X-rail, and the bottom surfaces of the X and Y rails have to be finished. The
bottom surfaces are finished directly by EDM when the parts are removed from the building
platform. The top surfaces of the X-rail are machined by milling after the assembly of the parts to
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ensure a good geometrical tolerance so that they can be joined to the linear motor guides. Figure 4
shows a simulation of the fastening systems during a milling step.

G

400

400

Figure 4. (a) manufacturing orientation for L-PBF production by EOS M400 and (b) machining using
a three-axis machine.

According to the support optimization indications (Section 2 and Figure 1), all surfaces were
modified to avoid the need of support structures (e.g., Figure 5a) and where the geometrical features
were not accessible for manual or mechanical support removal (e.g., Figure 5¢, an internal section of
the y-rail). A grid (Figure 5d) that also works as a support during the L-PBF process was designed to
increase the stiffness of the systems. A shaft-hub interference fit was designed (Figure 5e) to assemble
the three parts (details provided in the supplementary file). The connection only included features
that are self-supported. The connection between the two parts was also ensured by two bolts (Figure
5b). The component parts were all numbered to make the assembly easier (e.g., Figure 5a red square).
After the geometry modification, Figure 6 shows the result of the support optimization according to
Section 2 and Figure 1

Figure 5. Modifications of the part features according to the support optimization procedure
presented in Section 2. (a) modification of the bottom part of the rail to reduce the number of support
structures; (b) removing material and modification of the surfaces to avoid inaccessible area for the
support removal (a section is showed in (c)) and adding a link to improve the assembly strength; (d)
features that support the overhang both during the construction of the part and the working
conditions; (e) particulars of the shaft-hub interference fit (details are provided in the supplementary
file).
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Figure 6. The layout of the parts with the support structure (in blue). All supports can be removed
manually, except the ones on the bottom surfaces which are removed during the detachment of the
parts from the building platform by EDM.

Figure 7 shows the differences between the original and the new design. The displacements
showed the same distribution. The new material distribution that led a reduction in weight of about
32% was achieved as a result of the implementation of the new design, without any significant
changes in terms of stiffness. A technical prototype for the experimental tests was produced
according to the designed working cycle. The total production time, including the heat treatment, the
support removal, the EDM, and the finishing operations, was about three days. The final component
is shown in Figure 8. The total material swarf was about 200 g. The material cost (powder cost equal
to 65€/kg) of producing the component was around €197, which is comparable with the material cost
of the original component (€196 [35]). However, considering that the initial components were
machined from an ingot [35], the material saving, with respect to the original component, was around
99%. The assembly operation flow was simplified because all the operations to join the rails and the
covers were removed.

Original Design New Design

30 25 20 15 10 5 0

Max displacement [10~mm]

Figure 7. Comparison of the maximum displacements between the original and the new design. The
maximum displacement is registered as the extremity of the probe. The slight difference in the
displacements values between the two designs demonstrates that the stiffness of the system has been
preserved while the material efficiency has been improved.

4.2. Bracket Design

As already mentioned, the redesigning process had the aim of designing a bracket that would
satisfy the original requirement, in terms of displacement, while maintaining its original weight. In
order to maintain the original rail assembly operational flow, the coupling areas were constrained
with other systems to avoid modifications as a result of the redesign. Some other surfaces were also
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included as constrained areas so that the same fastening tools used for the original geometry could

be used during the finishing operations.

Differently from the previous case, an increase of the stiffness is required here. Practically, this
means a search of a new material distribution which considers a larger design domain of the original
component. The design domain needs to be large enough to include the anticipated optimal material
distribution, but also had to be as small as possible to avoid unfeasible structures and increases in the
computational costs due to an abundance of unnecessary elements [36]. The potential design domain
has been considered as the design space that does not compromise the fastening operations with the
other systems. The design domain was therefore increased and optimized iteratively according to the
following procedure:

1. Defining the initial design by increasing the updated design space without exceeding the
maximum envelope:

e Identifying the areas with high deformation energy from the computer-aided engineering

(CAE) analysis of the original design;

e Adding material to the areas that showed high deformation energy, after controlling that the
total volume did not increase excessively. It noticed that, for small components, the total
volume should not have exceeded twice the updated volume in order to avoid an excessive
increase in the computational time. This rule was therefore followed in the subsequent steps.

2. Meshing the domain with a tetrahedral mesh which could be generated automatically, in order
to decrease the computational time. In this step, the density of the mesh could be low.

3. Running a TO with free constraints and using the solid isotropic material with penalization
(SIMP) method [37], which is implemented in the most frequently used commercial software
programs, by constraining the weight to be equal to that of the original design (or a volume
reduction of 50%) and maximizing the stiffness.

4. Updating the optimized geometry (i.e., creating a geometry in which the areas with low
deformation energy had been removed).

5. Verifying that the maximum stress did not exceed the material limit.

6. Establishing the maximum displacement of each axis; if the values did not exceed the prescribed
condition, then the geometry obtained from step 4 could be considered optimal; otherwise, it
was necessary to go to the next step.

7.  Modifying the geometry obtained from step 4 by adding material to the areas with high
deformation energy, while controlling that the total volume did not exceed twice the original
volume. This model represents the new design space.

8.  Go back to step 2.

The as-defined design space results in being the smallest that would allow a solution to be found
for the global displacement. In short, the proposed design space optimization procedure solves a
displacement control problem by means of a series of structural TO problems in which the minimum
compliance and volume constraint are considered. The maximum displacement is considered as the
ideal design optimization criterion for the design space. Therefore, the design space is redefined
several times, and the optimized geometry is obtained after iterations. These iterations work as a
design space optimization as they allow the domain to be expanded, where necessary, regardless of
the shape of the initial design domain. In other words, the displacement control problem is solved by
means of iterative lightening procedures, in which the optimized goal is to find the structures with
the maximum stiffness. That obtained design space design space was used in a free constraint TO
using an improved mesh quality to provide a more precise solution [7] and allow a better
representation of the structure.
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Figure 8. Technical prototype with details of the walls of the X-rail (A) and the shaft-hub interference
fit (B).

The design optimization of both initial design domain and final geometry have been obtained
by the TO method. The TO and validation of the optimized geometry were implemented and solved
using Abaqus Standard and a TOSCA algorithm. Thanks to the design freedom, which is guaranteed
by the design for the L-PBF process, TO was run with free constraints [38] and using the SIMP method
[37]. A tetrahedral mesh was used for the design space optimization and for the final TO in order to
decrease the computational time. Hexahedral elements were used for the analysis and validation of
the geometry because the accuracy of the results was considered of utmost importance.

4.2.1. Redesigning and Prototyping

A preliminary static analysis of the original design of the bracket was performed to validate the
FE model for the stiffness optimization. The analysis involved the implementation of an FE model of
the original bracket, in which the mechanical stress and displacement behaviors were included. The
probe and the vision system weights and the probing force during the measurement are the main
causes of the bending of the bracket. The bending of the bracket was thus simulated for two different
load cases. Load case 1 represents the situation in which the bracket is subjected to its own weight
and to that of the other systems (vision and lighting systems and probe), while load case 2 represents
the phase in which the probe tests a MEMS relay, and a probing force is therefore added. The
maximum equivalent stress on the component was around 15 MPa which was still below the limit of
the material so as not to decrease the stiffness of the component. However, the maximum equivalent
displacement was around 35 pm, in agreement with the specifications provided by the manufacturer.
According to the procedure mentioned above, the design space was subjected to several iterations.
An expansion of the original design is possible if the geometry modifications do not lead to a change
in the finishing and assembly operations. The starting point was the original design for which the
stresses and the displacements were known (Figure 9).
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Design Space 0

Figure 9. Iterations of the design space optimization. At each iteration, the material has been removed
from the area at low energy deformation and has been added in the ones at high energy deformation.
The iterations ended when the maximum displacement of the bracket under the load was less than
the prescribed requirement (20 um).

Design space 0 was obtained by adding material to the areas with high deformation energy
(Figure 9) while controlling that the total volume did not exceed twice the original volume. TO was
then run by constraining the weight to be equal to the original design and maximizing the stiffness.
The stresses and displacements were then analyzed. Design spaces 1 and 2 (Figure 9) were obtained
from the previous design space in order to consider the optimized geometry by adding material to
the areas with high deformation energy while controlling that the total volume did not exceed twice
the original volume. Finally, when TO was run using design space 2, the displacement values did not
exceed the prescribed condition, that is, 20 um and the space design was therefore considered
optimal. Each design space was using Abaqus CAE and re-meshed considering the same element
size. Design space 2 was then used to perform a more detailed optimization. The element was
decreased in size to improve the approximation of the geometry.

The optimized geometry was redesigned, according to Section 2. Figure 10 shows a comparison
of the original and the redesigned geometry displacements, which are reduced to the prescribed
constraint in each direction. The maximum displacement was along axis 2 and was equal to 18 pum.
Furthermore, the final design weighed 184 g, which is about 10% less than the original bracket. This
reduction in weight, in AM material, cannot be ascribed to the slightly lower density (Table 1) because
the difference between the material density values is about 5%.

The feasibility of the bracket in terms of part and process (choice of supports and orientation)
designs has been verified by producing a single part. With this scope, the production has been
performed by an EOSINT M270 Dual Mode machine that has a small production volume
(250 x 250 x 215 mm?®) which is suitable for the preliminary prototyping tests. An Ytterbium fiber
laser system is used to melt powders with a continuous power of up to 200 W, a spot of 100 pm, and
scanning rate up to 7000 mm/s in an argon atmosphere. The used process parameters are shown in
Table 2. The produced component was heat-treated in a furnace (2 h at 300 °C) to prevent inaccuracies
due to stresses induced thermally during removal of the parts. Figure 11 shows the as-built technical
prototype in AlSi10Mg manufactured by the EOSINT M270 machine.
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Load case 1

) ) Uy g = 0.7 pm Uy o= —13.3 pm U3y = 6.6 pm
Original design

Uy gy = 0.4 pm

-0.7-04-0.1 0.1 04 0.7

L i

(a) Displacement u, (um)

Load case 2

3 -1.5-09-03 03 09 15 -32 25 -18 =11 4 3
LA T . T .
(a) Displacement #, (pm) (b) Displacement u, (um) (¢) Displacement u, (um)

Figure 10. Comparison of the original and new designs for load case 1 (the bracket is subjected to its
own weight and to that of vision and lighting systems and a probe) and load case 2 (the probe tests a
MEMS). The lower displacements in the case of the new design demonstrated an overall increasing
of the stiffness of the bracket.

Table 2. Process parameter values employed for the bracket production.

Process Parameters Skin Core Contour
Scan speed [mm/s] 900 800 900
Laser power [W] 120 195 80
Hatching distance [mm)] 0.10 0.17 -

Layer thickness [um] 30 30 -

Laser spot size [mm] 0.10 0.10 0.10
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Figure 11. The technical prototype produced by EOSINT M270.

4.2.2. Cost of the Bracket

A production series of the bracket with the new design has been considered to compare the
feasibility of the product and the actual cost with those of the original design. A production quantity
of 400 parts per year was considered [35].

The time to produce the original design, using a milling machine, is about 1.40 h, and the total
cost is around € 116 [35].

A SLM500 machine, made by SLM Solution, was considered for the simulation because, among
the industrialized L-PBF system:s, its building volume fits in a single job a higher number of brackets.
The build volume is 500 x 280 x 365mm3, where 500 x 280 mm? are the dimensions of the build
platform (WxH). The price of the machine is around € 1,200,000. The powder necessary to fill the tank
(Matsinaisp) is about 50 kg in which a maximum height of the job and a dose factor equal to 27.3 mm
and 4, respectively, have been considered. The manufacturing costs were simulated by considering
the build platform to have been filled according to the procedure reported in Section 2. Nine parts
can be produced for each job. An aliquot of 0.240 kg of material is necessary to build the part and
supports (Wm). An additional 5% is considered as powder lost during the cleaning of the part. After
the production, the loose powder is removed from the parts and the as-built parts (attached to the
building platform) are heat-treated to release the residual stresses. The supports are then removed
manually. The pinholes and the holes for the bolts that join the probe to the bracket are the only
surfaces that must be finished. It was assumed that all the manufacturing operations were performed
in the same workshop.

The above-mentioned data are summarized in Table 3. The coefficient kiis calculated by the ratio
between the Vo-ass and the total job volume Viob, k2, and ks are calculated according to Equations (4)
and (5), while ks is equal to zero because no cooling time is required after the production. The times
included in Table 3 that are necessary to complete any manual operation or task was measured in
real production. With this scope, a single part was produced using an SLM500 (Figure 12).

Table 4 shows the calculation of each costs. The cost for a single part is obtained by dividing the
cost for the number of brackets that are fabricated in a single job. The machining times were
numerically calculated performing a 3-axis milling using computer-aided manufacturing (CAM)
software, Visi 19. The same clamps used for the original designed were used. The costs of designing
the part and the job were neglected because a large production was considered.

Table 3. General information about the cost of the model.

Material quantity for the build tank [kg] Mattindisp 50
The dimension of the build platform [mm?] WxH 500 x 280
Volume (part+supports) [mm?] 90,000
Material quantity (part+ supports) [kg] 0.240
% of waste 5
Total material quantity [kg] W 0.240012

Number of parts per job 9
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ki 0.11
k2 0.005
ks 0.11
ka4 -
Operation time
Heating platform [h] theating plat 0.33
Levelling platform [h] taux 0.33
The time necessary to fill the chamber with Argon [h] trinar 1.67
The time necessary to complete the job [h] texp 13
Cooling time [h] thooling -
Total time per part [h] touild 1.7

Table 4. Calculation of the total manufacturing costs according to the model presented in Section 4.1.
*The volume of Argon necessary to fill the chamber, Var, is the product of tinar and Arp.

Machinery depreciation and indirect costs

Cost of the machine [€] Chmachine 1,200,000
Years 5
I 0.05
Depreciation cost [€/h] S 76.58
Indirect costs [€/h] 11.5
Indirect costs per part [€/part] 149.74
Setup costs
Labor cost [€/h] Coper 23
The time necessary to fill the dispenser [h] teil 0.7
Cost of filling the dispenser [€/part] 0.010
Time of the operator to start the process [h] toperar 0.08
Cost of the Argon [€/m?] Car 3.7
Argon consumption for purging [l/min] Arp 70
Total Argon volume to fill the chamber* [m?] Var 7.03
Cenv [€/part] 3.09
Machining cost [€/h] Chmachining 35
Labor cost [€/h] Coper 23
Mill diameter [mm] D 100
Cost of resurfacing the building platform [€/part] Cbuild plat 2.05
Setup cost per part [€/part] Cetup 5.15
Material cost
Powder cost [€/kg] Cpowder 65
Material cost per part [€/part] Crmat 19.06
Production costs
Cost of the Argon [€/m?] Car 3.7
Argon consumption during the building [1/min] Arp 5

Total Argon volume for building [m?] Var 0.433
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AM cost [€/h] Cam 10
Production cost per part [€/part] Cproduction 18.60
Post-processing costs
Labor cost [€/h] Coper 23
EDM cost [€/h] Cepm 30
The time necessary to remove the supports trem 1
Heat treatment cost [€/h] 35
Heat treatment time [h] 8
Polishing cost [€/h] 5
The time necessary to remove the powder [h/part] 0.16
Post processing cost per part [€/part] Chost proc 43.69
Manufacturing cost [€/part] 247.59
Finishing operation cost [€/part] 52.7
Total cost [€/part] 300.37

Figure 12. Part manufactured by SLM500. The idle times (Table 3) have been measured during the
production.

The manufacturing cost for the new design (€ 300.37) results in being more than twice those of
the original bracket. Figure 13 compares the distribution of each cost item over the total
manufacturing costs for the new design and the original one. It may be observed that the largest
contributions to the AM processes are those of the depreciation of machinery and the indirect costs.
This is because these costs are computed on the basis of the build time. In fact, the production time
of L-PBF machines is longer than that of the traditional manufacturing process. The depreciation of
machinery and the production costs for a 3-axis CNC (computer numerical control) process are
distributed equally over the total costs. In fact, the total hourly production cost for a traditional
machine considers the maintenance of the machine, the tools, the equipment, the lubrication, the
cooling system and energy consumption, the operator, movement of the pallet, and so on. As a result,
the total hourly production cost for a traditional process is higher than that of an AM process. A large
part of the cost of the new design is due to the post-processing and finishing operations. As the
currently used L-PBF processes can only produce near-net shaped parts, the total production cost of
obtaining a functional part, by means of L-PBF, should be considered as the sum of the production
cost, the post-processing and the finishing cost. Accordingly, it is evident that the distribution of the
costs of traditional and AM processes is similar. Although it is generally believed that the price of
powders influences the final cost of the part to a great extent, the here presented analysis instead
shows that the main influence on L-PBF is the production rate, in other words, the time necessary to
produce a part and to finish it. The cost of the material to produce the original design, by means of
milling, is comparable with the cost of the material necessary to produce the newly designed part
produced by L-PBF. However, the cost of the material for 3-axis CNC has a significant effect on the
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total cost because a large quantity of material is wasted during machining. In fact, a 2.2 kg ingot of
material is needed to produce a bracket that weighs 203 g.

100%
90% Indirect costs
80%

Setup cost
70%
60% Material cost
50% . Production cost
40% P )
30% . ost processing cost
20% Finishing cost
10%
0%

SLMS500  3-axis
CNC

Figure 13. Distribution of the manufacturing costs.

Besides the increased cost, the benefit that was achieved by adopting the new geometry, and
thus the AM process adopted to produce the part, should be considered from an overall point of
view. The new design for L-PBF has shown the possibility of achieving the required stiffness, which
in turn improves the actual machine accuracy and dynamics because the load on the electric motor is
decreased. Therefore, the higher cost, with respect to the 3-axis CNC, could be justified by the increase
in the performance of the component and in turn of the whole machine. The same conclusion cannot
be reached when the new design and the 3-axis CNC process are adopted because the complexity of
the geometry would lead to an exponential increase in manufacturing costs.

5. Conclusions

The here presented work is aimed at exploiting the production advantages of L-PBF systems for
high-precision applications, in which the design problems pertain to the assembly operations, weight
reductions and increasing the stiffness. In this context, the rails and bracket that support a high-
precision flying probe for a testing machine have been redesigned. The redesign is based on a general
methodology that considers all the steps of an L-PBF process. The optimization of the design, the
support and the part orientation have been driven by material efficiency. The components that have
been redesigned to be produced by L-PBF have demonstrated great advantages, in terms of
mechanical performance. The weight of the rails has been reduced by 32%, while the number of
components has been reduced from 16 to 3. The optimized bracket results in being more than 50%
stiffer than the original one and about 10% lighter. In both cases, CAE simulations have shown that
great improvements can be achieved as a result of new material distribution. The results have thus
provided further validation of the fact that an integrated approach between design and AM processes
is an extremely powerful tool to generate geometries with high performances and characteristics,
even in the case of precision machines, coordinate measuring machines, and industrial robots, in
which the mechanical stiffness of the parts, without any extra weight, is one of the most important
design criteria. The cost analysis has also confirmed the suitability of adopting a new manufacturing
process to produce components for this industrial sector. The higher cost of the new design of the
bracket, with respect to the original one, appears negligible compared to the improvements that can
be achieved in terms of component performance and machine accuracy. Additionally, the increased
cost appears to be a small part if compared with the market price of these kinds of machines (around
€ 700,000). Compared with the traditional process, DfAM leads to significant savings in material. As
a result, the use of AM leads to positive environmental impacts, in terms of material utilization, the
supply chain, and life-cycle performances [39].
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Overall, AM processes shorten the distance between concept and reality. However, the empirical
findings of this study suggest important issues that should be considered in future research:
e The support structures and finishing operations still represent a challenge for the full
exploitation of the AM process and for the creation of optimized geometries;
e  The available commercial tools are still not able to fully support the designer to find optimal
design solutions for AM and to handle geometric complexities;
e At present, the application of an iterative approach to designing seems to be the only way to:
e reach an optimal solution that takes advantage (for specific purposes) of the level of
complexity of the design made available as a result of the adoption of AM processes;
e  achieve the production of truly optimized parts.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Comparison
of the Von Mises stress between the original and the new design. As can be observed, the stress on both parts is
extremely low. The maximum values around (24 MPa) is registered in the contact between the bolts the rails
(Figure S2). The low stresses and great safety coefficient respect to the yield stress of the material (503 MPa for
the Al7075 of the original design and 350 MPs for the AlSi10Mg of the new design) are due to the high stiffness
requirements which were applied the design stage (which means low deformation and displacements during
the working conditions of the system), Figure S2: Localisation of the only areas in which the maximum stress
has been registered, Figure S3: Design details of the shaft-hub interference. The features have been designed to
guarantee an adequate stiffness of the connection. This is ensured not only by the feature ‘dimensions but also
by the roughness of tilted surfaces that is slightly higher of the horizontal and vertical ones and helps to improve
the contact between the surface.
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