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Abstract

The activity of part orientation is of crucial importance in terms of impact on the quality of parts in
powder bed additive manufacturing. To support the decision-making of Computer Aided Manufacturing
(CAM) operators, several knowledge and software models are proposed. Even if they seem to help
operators in orientation process, their operational effectiveness still needs to be scientifically assessed.
This paper proposes to evaluate the efficiency of a part orientation software in assisting CAM engineers
in part orientation choice. The related software is based on the mathematization of action rules issued
from a knowledge model. The knowledge involved to carry out the orientation activity is analyzed based
on the users’ expertise. To do this, an empirical approach based on a case study is made with
participants of different levels of skills. Several design scenarios including various part typologies to be
oriented are submitted to engineers, before their manufacturing with Electron Beam Melting (EBM)
technology. Two means of orientation are thus used for comparison, namely a manual orientation and a
computer-aided orientation software. Based on the orientation results, an analysis of the software usage
is undertaken. As an underlying result of our study, we have come up with an evaluation approach that
can be reused in other contexts and with other software.

l. Introduction

Since decades, Additive Manufacturing (AM) technologies have experienced a growing boom in
industries, thanks to the opportunities they provide, such as part shape freedom, lighter parts,
customization of medical and orthopedic applications, etc. However, this change of paradigm implies
new practices and new knowledge.

In this context, Computer-Aided Manufacturing (CAM) operators must perform new and complex
activities to prepare parts fabrication. To assist them in their daily work many software have been
developed. For instance, they support the design of innovative products [1][2][3][4] or the generation of
support structures [5][6]. In general, these software tend to propose solutions to CAD/CAM users by
optimizing multiple parameters so that, in the end, the decision is fully automated and the users do not
really know if the proposed solution is the best. Hence the following questions: are these tools effective
enough to CAD/CAM users? Which indicators would allow to assess and report how much a software can
support these engineers?

Based on the work dedicated to help CAM user to orient part in EBM technology, with aim to include
human in the loop of decision making [7], this paper deals with the evaluation of software tool with an
empirical approach focusing in the quality of the results obtained using this tool. This evaluation will help
us to quantify the contribution of such software to the efficiency and quality of the part orientation results
obtained.

The paper is structured as follows. Section 2 presents the background and the research question. In
Section 3, our evaluation approach is outlined and positioned according to the classical evaluation
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approaches. In Section 4, the experimental protocol that we set up to evaluate the software is detailed.
The results of the empirical study are discussed in Section 5, while Section 6 ends the paper with some
concluding remarks and prospects.

li. Background And Research Question
I1.1. Additive manufacturing

In recent years, we have seen the evolution of additive manufacturing from a promising technology to
one that is mature enough to produce quality parts. The level of maturity is not sufficient to surpass
conventional manufacturing processes, but it is the only one currently capable of producing parts with
very complex geometries, with the great advantage of going from the CAD model to the manufacturing
stage with few steps compared to conventional manufacturing methods. In this context, to describe the
process of additive manufacturing Gibson et al. [8] proposed a model with several steps that start from
the design phase to the quality control stage of the product. The first steps concem operations related to
CAD modelling. The following steps are specific to the task of the CAM operator and are related to the
additive manufacturing technology used. Finally, the rest of the steps are necessary for the finishing of
the manufactured product with the desired quality.

Among the additive manufacturing technologies, this paper focuses on Powder Bed Fusion (PBF)
technology - Electron Beam Melting (EBM), and especially in a specific task of the CAM operator, which is
the parts orientation.

I.2. Part orientation

Grandvallet et al. [9] describe the AM process for EBM technology by focusing on the CAM operator
activities. From the Fig. 1, the first activity of the CAM operator is the activity of part orientation. Although
this action seems simple as only two angles have to be set for orienting the part, it influences the entire
additive manufacturing process due to its impact on the part quality, the post-processing time and cost.

Many authors have tackled the problem of calculating the orientation of parts in PBF technology [10][11]
[12][13][14]. They all mostly focus on the same criteria, namely:

» Surface quality related to roughness and staircase-effect problems;
» Supporting overhanging surfaces and quantity of supports;

* Manufacturing time related to the height of the part.

Grandvallet et al [15] proposed eight action rules to assist EBM engineers in part orientation.

11.3. About action rules

Grandvallet et all [9] has done a work of knowledge elicitation, a technique that helps to capture, integrate,
and structure knowledge in order to share it more easily in a community of practice [16]. This work made
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it possible to formalize - in the form of eight action rules - the knowledge involved by industrial experts
while orienting parts for an EBM-type AM context:

. Minimize part shadow on start plate

. Minimize total overhanging non-machined surfaces
. Orient part priority surfaces close to vertical

. Orient machining datum surfaces out of horizontal

. Minimize shape deformation risks

o g s, WN =

. Avoid support structures and support removal difficulty on surfaces with potential support difficult to
remove (so called SSDR)

7. Fit the overall part size into the build envelope size

8. Orientate through holes and thread forms close to vertical

These rules have been integrated into COFFA software (in French “Conception et Optimisation des
Formes pour la Fabrication Additive” or “Design and Shape Optimization for Additive Manufacturing”),
specially developed to assist EBM part orientation action. This tool is presented in the next section and is
the basis of this comparative research work.

11.4. About COFFA software

Mbow et al. [17] proposed an approach to translate these action rules into mathematical functions. To
achieve this, a desirability concept is defined to mathematically express each action rule into a
dimensionless function providing a value between zero and one. These desirability functions can be
calculated according to the orientation of the part. After that, all the desirability functions are aggregated
into one desirability function to help CAM operator to choose an orientation providing the best
compromise between these height criteria. Due to the number of action rules and the number of
parameters related to the part geometry, the evaluation of the desirability functions related to the action
rules are difficult to achieve manually and sometimes it is even impossible to make this evaluation. The
COFFA software has been developed to help CAM operator to make the evaluation of the desirabilities of
the action rules and choose the orientation of the part by trying several possible scenarios.

After the operator has assigned attributes to relevant part’s surfaces, the software computes every set of
desirabilities for a series of rotation angles along x and y axes. All of these are presented as a series of
heatmaps from which the operator can make his choice of manufacturing orientation.

An example of such result is displayed in Fig. 2. From this point, the users can explore various
orientations and see the values of the associated desirabilities, to finally make their choice of the
manufacturing orientation.

We take a desirability map generated by COFFA as an example of “Minimize part shadow on start plate”
(Fig. 3).
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According to the action rule, the evaluation concept “shadow on start plate” is measured with respect to
the projected area of the part on the machine plate (this variable is noted As), the corresponding relation
is given in Eq. 1. By varying the orientation handles (namely x and y rotation angles), the value of the
projected shadow area As will vary between Asmin (the minimum projected area) and Asmax (the
maximum projected area) found when sweeping the domain.

The relational function is then a growing function bounded by Asmin and Asmax as shown by Fig. 4.a.
Owing to the prescribed action “Minimize”, the resulting desirability function is the negation of the
relational function; it is given by Eq. 2 and depicted in Fig. 4.b. In other words, great shadow area is not
desirable, while a small one is desirable. No averaging operator is needed, because this applies to the
whole volume. In this specific action rule, the users do not need to predefine the threshold values of
projected area, because they entirely depend on the geometry of the part. Finally, the calculation is
performed for each orientation position and the overall result will be represented in a heatmap (Fig. 2).

-43 - -4smin

EC = 1
A,,mu, - -“amin ( )
DF(A,) =1- EC(A,)
As - Anmin (2)

DF(A,) =1-

Aama: - -’L!min

Finally, the software calculates the weighted average desirability (Eq. 3) based on the desirability of the
criteria calculated for each position. This operation, also called aggregation, will be used as one of the
evaluation criteria in the following.

D=ﬁ@ (3)

with n,..., ..., I, are positive weights € [0, 1] for which ;= 1, and d,,..,, d,..., d, are positive real numbers
representing local desirability.

11.5. Research question

Based on the previous background and state of the art review, the refined research question is the
following: How to evaluate if a decision-making tool allows a CAD/CAM user to make better choices
about EBM part orientation? In this article, a “better choice” is defined as an orientation choice close to
the reference orientation made by a group of experts.

Since the users do not have the same level of expertise, the decision support tool will not have the same
contribution to the results obtained for each of them. It is easy to imagine that an expert has a more or
less precise idea of the type of solution he/she is looking for, based on his knowledge, whereas the novice
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has no idea of what he/she is looking for. Therefore, we can ask the research question in two different
ways:

* In the case of a novice user, will the software help him/her to get closer to the results of an expert?

* In the case of an expert user instead, will the software help him/her to improve his/her results in
terms of fabrication time or part’s quality?

We consider that the evaluation of part orientation for EBM can be done on two steps of the AM process
(see Fig. 5). In Fig. 5, the first level of evaluation is the subject of our paper. This first level concerns the
evaluation of the user’s choice using the COFFA decision support tool compared to the choice made by a
group of expert. This comparison will be based on two parameters, which are the aggregate desirability
and the orientation angles around the axes x and y. The following levels of evaluation are grouped
together in a second phase, which focuses on the produced part. This second phase of the evaluation is
related to the evaluation of the quality of the manufactured parts according to the choice of orientation
made with COFFA software. For this second evaluation, we need to take into account many other factors
in addition to the part orientation, such as region to support and design of supports, in the evaluation of
the quality of the part. This last evaluation is in development stage and therefore will not be covered in
this article.

The next section presents, the evaluation approach used for the phase 1.

lii. Evaluation Approach
l11.1. Evaluation of usability

When we talk about software evaluation, the literature systematically refers us to the concept of usability
which is widely used [18][19][20][21][22]. A definition of usability is provided by 1IS09241 as "a system is
usable when it enables the user to perform his task effectively, efficiently and satisfactorily in a specified
context of use”.

Usability evaluation is a qualitative and quantitative analysis of the use of a prototype or system. The
aim is to provide user feedback as part of an iterative development process that allows designers to
identify and understand problems, find the underlying causes and plan the necessary corrections in the
software. The main aspects of usability evaluation such as metrics, audits, automation and standards
are addressed by several researchers [23][24][25][26]. These evaluation approaches have different levels
of implementation difficulty and expertise depending on the context, hence the need to choose an
approach that fits our case study in this article.

On the other hand, there is a more global notion than usability, which is the quality of a software.
According to the ISO9126 standard, software quality is represented by the following elements:
functionality, reliability, usability, efficiency, maintainability and portability. However, some aspects that
we want to evaluate in our study are not included in this list, such as the suitability of the tool to support
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the user's approach and the quality of the results obtained. This leads us to use specific evaluation tools
that focus on the knowledge mobilised during the use of the software as well as on the technical result
obtained during the activity we want to assist. This last point will be dealt with in the next section.

l11.2. Decision-making tools and their evaluation

The subject of decision support is widely covered in the scientific literature in a variety of fields. Among
the best-known approaches, we can cite Fuzzy Multiple Criteria Decision Making, Multiple Attribute
Decision Making, Weighted Sum Method, Weighted Product Method, Analytic Hierarchy Process and
Compromise Ranking Method... [27][28][29][30]. However, the common point between these works is the
fact that the problem is treated from an automation point of view based on multi-criteria optimization
and the human factor is not included in the optimization loop.

When looking to the works on parts orientation in additive manufacturing cited above, we remain in the
same spirit of automated multi-criteria optimization where the user chooses from a certain number of
criteria and is offered a so-called "optimal” solution. However, in a field such as that of product design
and manufacture, we know that the influencing factors and the models used are far from describing the
problem in an "exact" way in relation to the complex reality of the problem. The knowledge and
experience of the operator or user of the decision support software significantly influences the quality of
the result and must be considered in the optimization process or at least in the choice of the best
solution.

The evaluation of these decision support tools remains strongly linked to the technical aspect
(calculation time, etc.) and we have not found in the bibliography any work that evaluates whether the
decision support tool has really helped the user to make the right choice and what are the indicators of
this evaluation.

111.3. Our approach

To evaluate the COFFA software, we set up a global evaluation approach of the parts orientation activity
in EBM/AM context. The classical evaluation of software in our case does not allow us to see in detail the
quality of the result obtained using COFFA software and if the tool had helped the user to make better
choices.

We choose to represent the part orientation activity with the simplified activity model of Kuutti [31] from
the model of Engestrom [32] (Fig. 6). The vertices of the triangle of the activity model were then used as
variables of the empirical study to see the influence of these key points on the result obtained by using
the COFFA software. Each pair of vertices and the link between them was evaluated with a specific
indicator.

Knowing that the orientation activity is a complex activity and its study in an industrial context is a
difficult work to implement, the choice of experimentation with a scenario of case study was imposed to
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us. An experimental protocol has been set up to implement this empirical study and will be presented in
the following section.

The comparison of the results based on the three indicators: desirabilities, orientations plus the reference
orientation obtained by a group of experts and the use of action rules, will allow the evaluating of the
COFFA software through the quality of the results obtained and to see at the same time if COFFA has
allowed the users to make better orientation choices according to the scenarios studied.

Iv. Experimental Protocol

The choice of the type of experimentation is based on a situation scenario, which is in adequacy with our
objectives of teaching as well as research. On the one hand, to train students in the activity of orienting
parts in EBM context. On the other, to observe the actors and their activities in a parameterized and
controlled context, in order to evaluate the relevance and quality of the tools made available to them to
assist their activity.

IV.1. Objectives
IV.1.1 Teaching point of view

The novice users are engineering students in last year of education cycle. We introduce our empirical
study into their training with the following aims:

 Introduce students to new advanced manufacturing techniques and in particular additive
manufacturing;

» Introduce students to the activity of orienting parts in additive manufacturing for EBM;

» Train students in the use of specific tools related to their activity and to give them the knowledge
necessary to carry out their work;

* Put the students in an additive manufacturing project situation to make them be aware of the
problem and to make them think about the different aspects they have to deal with in this type of
project.

IV.1.2 Research point of view

Our research is part of the Coffa project. This empirical study focuses on the following aims:

» Evaluate the usability of the COFFA tool to assist the user in his part orientation activity and the help
to the choices brought by the desirability-based maps;

» Evaluate the quality of the results obtained with COFFA,;

» Evaluate the concordance between good desirability and good part orientation in the case of additive
manufacturing by EBM,;
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* Observe and analyze the use of the concept of action rules derived from the elicitation of expert
knowledge by students (novices).

» Evaluate the overall part orientation activity through the use of COFFA software and action rules.
IV.2. Hypotheses

* The “optimal” orientation of the part for EBM is considered to be the most important among CAM
operations (Fig. 1). The choice of this orientation is a complex task that has a very large impact on
the quality of the part as well as on its manufacturing time and cost [3].

* The situation in our experimental scenario is considered to be similar to an industrial situation for the
same type of activity.

* We consider that the students, at the end of their engineering cycle, who participate in this
experimentation are similar to novice engineers who can be found in an industrial context at the
beginning of their career. The students have already had all the technical education necessary to
perform their tasks.

» The part orientation chosen by a group of experts is considered to be the reference orientation for the
case studied.

* To avoid time consuming routines, all desirability computations have been performed prior to the
experimentation with participants.

IV.3. Scenarios

The main purpose of our experimentation scenario was to put in situation actors, with different levels of
expertise, to make the choice of orientation of parts (with different geometries and design criteria)
according to the proposed study case, to be realized in additive manufacturing of EBM type. The user had
to do this by applying the knowledge acquired through the action rules, using firstly a simple 3D viewer
(without assistance) and then the COFFA software.

The participants were each provided with a computer with all the necessary software as well as materials
describing the work required, a reminder of the action rules, and the questionnaires which they had to
answer.

IV.4. Variable parameters

Following the activity model proposed in the previous section, the vertices of the triangle represent our
variables, namely: subject, tool and object.

From there, we can say that the 2D triangle activity model has a more complex 3D shape by introducing
the variables at the vertices (see Fig. 7). This will allow to evaluate the COFFA tool, but also to see the
influence of the different variables on the part orientation activity in our EBM type additive manufacturing
context.
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IV.4.1 Subject: students, researchers

The empirical study was conducted with twelve students and seven experts. We performed the
experiment with the researchers from our laboratory team. We considered that their expertise on the
problem of additive manufacturing and their knowledge of the related physical phenomena give them an
expert status compared to the students.

Before we finish on this point, we would like to clarify the term expert that we use in our article, namely
that there are three types of experts:

The experts who enabled the extraction of the EBM part orientation knowledge (CAM operators from
industry);

The experts who worked with the first category of experts to elicit this knowledge and develop the
COFFA decision support software (researchers from the AM team of the G-SCOP laboratory);

And finally the experts who did not participate in the work mentioned above but who regularly use the
EBM machine (other members of the AM research team of the G-SCOP laboratory).

Only the last two categories of experts participated in the empirical study presented in this article.

IV.4.2 Tools: Coffa-viewer, COFFA

The Coffa-viewer software has been developed to be used as a simple neutral 3D viewer without any
assistance tool for the orientation activity, unlike the COFFA software which includes several
functionalities dedicated to the decision support in the orientation choice (Fig. 8).

IV.4.3 Objects: mechanical parts

The Fig. 9 shows the different parts used in the experimentation. The mechanical parts proposed in the
experiment have different purposes of use:

» Discovering part: The first part has a simple geometric shape but two study cases with conflicting

design criteria. This part was firstly used to enable the user to become familiar with the software and
secondly to make them feel the difficulty underlying the activity of orienting parts and the difficult
choice that the CAM operator has to make

The students were then asked to orientate their own parts from their course project, to deepen their
knowledge and skills regarding the part orientation activity. The parts had different geometries from
one group to another and therefore the analysis of the results will not be considered in this article,
only comparable results are kept.

Evaluating part: The next part with a geometry close to that of the students' projects was to allow the
evaluation the students' learning and to have a comparable result between the different students
after a few hours of learning.
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» Mastering parts: The last two parts were dedicated to the experts to see the influence of the
complexity of the geometry on the orientation activity and to see a more in-depth exploitation of the
COFFA software. We did not consider it interesting in our experiment to propose these rooms for the
students given the level of knowledge they had.

IV.5. Progress of the experiment

The experiment was organized in 4 phases:
* With the students:

o Phase 1 (1Th30): Presentation of the software and reminder of the action rules
o Phase 2 (4h30 + 3h): Part orientation activity with and without COFFA software

* With the experts:

o Phase 3 (1h30 ~ 2h): Part orientation activity with and without COFFA software

o Phase 4 (2h): Group work for reference orientations

During the part orientation activity phases, the participants had to orientate the parts with the Coffa-
viewer in the first instance, following the order of the parts as presented above (Fig. 9). Each time they
completed an orientation, the students had to record the oriented part and fill in the associated action
rules questionnaire.

In the second phase, they had to repeat the orientation work with the COFFA software in the same way,
and in addition fill in the usability questionnaire on the first and last use of the software.

An additional session was added to debrief and discuss with the students the results they had obtained
and the answers they had given in the different questionnaires. This session allowed to clarify some of
the answers given and to have a direct feedback on their experience of using the software.

In the last phase, all the experts who took part to the experimentation were grouped together to determine
the optimal orientation for each part and each case study by comparing their points of view. These so-
called reference orientations allow us to compare the results obtained by the students and the experts
individually and to have the corresponding desirabilities to see if they confirm our initial hypotheses.

Finally, the usage sequence of COFFA software after COFFA-viewer has been chosen to accentuate the
learning and appropriation of the concept of action rules. In the case of COFFA-viewer, the user must
understand the action rules and use them by mentally visualizing their influence on the study case. This
mental work facilitates the comprehension of the action rules, and consequently the use of decision
support by COFFA software becomes more efficient by being less impacted by comprehension difficulties.

V. Results And Discussions
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V.1. Aggregation of the desirabilities

To compare the orientation results, we used two criteria: the aggregation of the desirabilities of the
different action rules for a given orientation, and the reference orientation values determined by the expert
group. The following graphs in Fig. 10 were obtained.

For the experts, we gave them two additional parts with complex geometry. (see Fig. 11)

Overall, the aggregation scores of the desirability of the orientations made with COFFA are higher than
those obtained with Coffa-viewer, which is a simple 3D viewer. This result is the same in general for the
students and for the experts with some exceptions.

Moreover, COFFA avoids the choice of too bad orientation, even in the case of experts. Knowing that the
aggregation is a product with similar points, if a desirability value is equal to zero for a criterion (example
support difficult to remove or maximum risk of deformation) the aggregation value will be equal to zero
too. According to the questionnaire given to experts, one exception has been noted for the Discovering -
part 1 oriented with COFFA, where two experts judged that the orientation they chose, even if "deformation
risks” were equal to zero, would not affect the result in a significant way with regard to the given design
criteria. This experimentation allowed highlighting the fact that some experts do not use the action rules
because they consider that there are other rules, coming from their own experience and knowledge, which
have priority. This makes it possible to enrich the action rules and consequently the associated decision
support tool.

Figure 12 shows the average gain provided by COFFA, which is calculated by averaging the difference
between the aggregation score obtained with COFFA and with Coffa-viewer for all the parts oriented by
the participants. Overall, it can be said that COFFA brings more help to a novice like the students in
comparison to the experts, who tended to make some choices that did not correspond to the higher
desirability values but that better corresponded to their expectations in terms of orientation and their
knowledge of the EBM manufacturing process.

V.2. Use of the Action Rules

Figure 13 shows the use of action rules to orientate the parts during the experimentation. The first remark
that can be made is the fact that the experts mobilize more action rules to orientate their parts than the
students, which is perfectly normal, if we consider that an expert can consider several factors at the same
time in his orientation activity that a novice will not necessarily do.

On the other hand, action rule 7 relating to the part envelope was not used much because of the given
scenarios, and more precisely because they had only one part to orientate each time and the dimensions
were not very large.

It can also be said that action rule n°1 relating to the silhouette of the projection of the part on the
machine table was not used much because of the proposed scenarios and the context which did not
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impose a high level of productivity on the participants in the experiment.

Concerning the action rule n°5 relating to the risk of deformation, there is a contrast between its use by
the experts and the students. The problem of incomprehension and difficulty of use raised by the
students during the debriefing reflects their low use of this action rule, which is not the case for the
experts, who used it in a much more significant way.

We also see that whatever the case, the experts almost always use action rules 3 and 6 (Priority surfaces
and SSDR). This shows that they tend to prioritize certain action rules over others.

On the other hand, the use of action rules with COFFA is more massive for the experts than for the
students, who did not exploit the software's full potential.

Finally, we can also observe that the students did a good job of appropriating the action rules for
orienting the parts, based on the very similar results of using the action rules with Coffa-viewer and
COFFA. Regardless of the use of the COFFA software, this shows that the action rules are simple and
clear enough for beginners who have only had basic training in these concepts to be able to mobilize
them to carry out the activity of orienting parts for the EBM.

V.3. Comparative analysis of results
V.4. 1. Decisions made by Coffa-viewer vs. COFFA

From the graphs in Fig. 14, the following remarks can be made:

* The choices made with the COFFA tool are much more clustered, and symmetrical orientations, with
respect to the X and Y axes, appear to be the choices of most participants (students and experts).

* The choice proposed by the COFFA software with the highest value of aggregation of desirability,
with the same coefficients, was chosen several times by the experts individually and collectively as
being a good orientation, and in some cases as the reference orientation. For the pieces where this
choice was not retained, we found that by aggregating only the action rules used by the experts, we
found a very close result, or even the same reference choice. This shows us that the choice of
indicator from the aggregation is a good indicator of orientation based on desirabilities.

* Sometimes the choices are very close to the reference orientation, which shows that an orientation of
a few degrees around a user's choice can further improve the overall desirability value and thus have
a better orientation of the part being manufactured. This is in line with a need expressed by the
experts during the experimentation to have a zoom tool on the heatmap to better explore the results
around a given orientation to help them in their decision.

For the experts, we have two additional parts with complex geometry: (see Fig. 15)

For parts with complex geometry, the experts were able to avoid very bad orientation choices thanks to
the use of the COFFA tool, as can be seen in the graphs of the Fig. 11. On the other hand, the experts

Page 13/28



underlined the difficulty of evaluating certain criteria (e.g. supports that are difficult to remove) for parts
with complex geometry, which, according to them, require the improvement of the decision-support tool
by adding some features related to the exploitation of the result (zoom in the heatmap, exploring tool,
etc.).

To answer our initial research question, we implemented indicators during the empirical study, namely:
aggregated desirability, part orientation in the solution space and the use of action rules. In addition, the
comparison of the use of COFFA software versus Coffa-viewer highlights the usefulness of using a
decision support tool for part orientation in EBM.

The use of the COFFA software allows better choices to be made in most cases and sometimes avoids
making a bad choice for both novice and expert users. The other usefulness observed during the
empirical study concerns more the expert users who used the software to verify certain orientations and
were able to justify their choices based on the desirability graphs, which represents a particularly
interesting use in an industrial context.

V.5. 2. Decisions made by students vs. experts

We observed that students exclusively base their choices on what the software proposes to them in terms
of heatmap desirabilities, while the experts make their choices by integrating in their reflection a
phenomenological aspect of the additive manufacturing process as well as their experience of
manufacturing on an EBM machine for some of them. In all case, even if the strategies of use change
completely between the students and the experts the result is finally very close. We find symmetrical
orientations, which emerge in the choice of the students and the experts, while avoiding the bad choices
that they could have made with the 3D visualizer.

The Fig. 16 shows that the choice of orientation made by students, even if it is different from that of
experts, still has a good desirability value.

The last point we will address is related to the question: does the COFFA software allow a novice user to
approach the result of an expert in EBM parts orientation? According to the indicators set up, even if the
choice is not exactly the same between the two categories of users, the choice made by the students is
still very good in relation to the hypothesis that a good orientation corresponds to a good desirability.

Vi. Conclusion

This paper proposes to assess a decision-support software called COFFA for part orientation in the
context of EBM additive manufacturing. We set up an empirical approach that allowed us to observe the
use of the software in different situations and to collect data related to our indicators in order to answer
our research question. The confrontation of the results obtained using the COFFA software and a simple
3D viewer as well as the results obtained by the students and the experts leads to the following
conclusion:
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» COFFA software prevents the user from making the wrong choice regarding the criteria related to the
evaluation concepts (let us recall that these concepts were established by the elicitation of the
knowledge of trade experts);

» The aggregation of the desirabilities for a given orientation of the part represents a good indicator of
the user's choice. This partially confirms our hypothesis that a good desirability corresponds to a
good choice of orientation of the part;

* COFFA software allows experts to verify the orientations of parts in terms of desirability and thus to
confirm their choices and even justify them.

As an underlying result, the overall approach undertaken for the evaluation of the COFFA software can be
generalized for application to other software in other contexts, with the following steps:

1. Preparation phase:

1.7 Identify the activity and the different elements of the associated activity model;
1.2 Identify the indicators associated with the expected results;

1.3 Choose the evaluation tools according to the indicators.

2. Experimentation phase:

2.1 Set up an empirical study based on the elements of the preparation phase;

2.2 Collect data from the experiment.

3. Analysis and recommendation phase:

3.1 Formatting the collected data;

3.2 Analyzing the results;

3.3 Make conclusions and recommendations based on the cross-analysis of the results.

As a perspective to this work, we propose to see the implications of the orientation choices on the rest of
the additive manufacturing process, going up to the parts made with the EBM machine. As already
indicated, there is another level of evaluation that needs to be explored in more depth by trying to pay
attention to other elements that can influence the final result of the manufacturing process (choice of
areas to be supported, design of supports, post-processing...). New indicators should be put in place, such
as volume of supports and time of removing supports, to compare the results as independently as
possible from the CAM operator, so that the results remain comparable.
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