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Abstract

There is a combinatorial explosion of alternative variants of an assembly design owing to the design freedom provided by additive
manufacturing (AM). In this regard, a novel virtual reality-based decision-support framework is presented herein for extracting the
superior assembly design to be fabricated by AM route. It specifically addresses the intersection between human assembly and AM
hence combining design for assembly, and design for additive manufacturing using axiomatic design theory. Several virtual reality
experiments were carried out to achieve this with human subjects assembling parts. At first, a two-dimensional table is assembled, and
the data are used to confirm the independence of non-functional requirements such as assembly time and assembly displacement
error according to independence axiom. Then this approach is demonstrated on an industrial lifeboat hook with three assembly
design variations. The data from these experiments are utilized to evaluate the possible combinations of the assembly in terms of
probability density based on the information axiom. The technique effectively identifies the assembly design most likely to fulfill the
non-functional requirements. To the authors’ best knowledge, this is the first study that numerically extracts the human aspect of
design at an early design stage in the decision process and considers the selection of the superior assembly design in a detailed design
stage. Finally, this process is automated using a graphical user interface, which embraces the practicality of the currently integrated
framework and enables manufacturers to choose the best assembly design.

Keywords: axiomatic design, decision making, design for additive manufacturing, design for assembly, part consolidation, digital twin

1. Introduction via additive manufacturing (AM) route. Two important questions
arise from this: Firstly, how can human-centered design aspects
be effectively integrated? Secondly, how can both conceptual and
theoretical approaches be incorporated to select the optimal as-
sembly design? Therefore, for the first question, virtual reality (VR)
is reported to be the most relevant tool for human involvement in
the experiment (Abidi et al., 2019; Brookes et al.,, 2020). To aid in
the selection of the best assembly design, axiomatic design (AD)
theory is one of the design methodologies that could be employed
(Suh, 1995).

The present study will focus on VR and AD applications to in-
volve human aspects in selecting the best assembly DfAM. The
study by Abidi et al. reveals that the participants who received
VR training demonstrated a higher level of performance, as evi-
denced by a reduction in the number of errors and a decrease in
the time required to assemble the actual product when compared
with those in the traditional or baseline training group (Abidi et
al.,, 2019). In the case of AD, it has been extensively utilized for
almost three decades in different sectors: software (Harutunian
et al., 1996), manufacturing systems (Rauch et al., 2016), decision-
making (Wang et al.,, 2020), and other sectors (Kulak et al., 2010).
AD was used herein to lay a scientific foundation with its two

Before three-dimensional (3D) printing of an assembly, specifically
at the early design stages, one should be able to identify which
assembly design is the best among many alternatives provided by
part consolidation (PC). PC is the opportunistic facet of design for
additive manufacturing (DfAM) that allows combining parts re-
sulting in a reduced part count of an assembly (Biswal et al., 2020).
Various techniques are available that address PC both conceptu-
ally (Sossou et al., 2018; Yang & Zhao, 2016) and numerically (Kim
& Moon, 2020; Nie et al., 2020). For example, a study by Yang et al.
(2018) provides a numerical approach for how to select part can-
didates for 3D printing particular assemblies. Another study by
Schmelzle et al. (2015) shows a conceptually design-case-oriented
PC that resulted in a single component printed by using laser pow-
der bed fusion enabling better performance.

Moreover, at the early design stage, a customer with a multi-
component assembly would want to have the most desired as-
sembly based on human aspects of design. The reason is that hu-
man aspects of design capture a direct interaction of human sub-
jects with design artifacts (Maier & Fadel, 2009). In this context,
design artifacts are the parts of assemblies aimed to be fabricated
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developed axioms (Suh & Sekimoto, 1990): independence (AD-1)
and information axioms (AD-2). According to AD-1, a provision of
independence must be supplied between functional requirements
(FRs) and the design parameters (DPs) inherited by design. AD-2
can be referred to as a selection filter for designs that already sat-
isfy AD-1.

AD has been utilized as a basis for the design framework for
AM in the study by Renjith et al. (2020). That AM framework was
created through a rigorous process of identifying and defining the
design problem based on FRs, DPs, and the capabilities of AM. By
systematically considering these factors, the framework provides
a structured approach to designing for AM, helping to ensure that
the resulting product is optimized.

The work by Agrawal showcases the usage of AD by incorporat-
ing AM experts’ opinions on their design guideline’s importance
which also includes PC (Agrawal, 2022). By assigning grey num-
bers for category ranking, they could identify which AM capabili-
ties are more important based on a conducted survey at the early
design stages.

Although AD has been used in the early design phases, there
exist several limitations in AM design frameworks in which AD
was utilized, as listed below:

(i) The absence of a VR experimental approach for construct-
ing and verifying a design matrix for the independence of
FRs within a functional domain.

(ii) Another issue that has been reported is that the human as-
pects of design are often overlooked during the early stages
of design development. This involves not only seeking ex-
pert opinions but also examining the effects of human sub-
jects’ interactions with a design artifact on either part or
assembly design.

Furthermore, when dealing with many parts, there are numer-
ous possible combinations of PC for an assembly design. This can
make it challenging to determine the most optimal way to de-
sign an assembly for AM. Some studies have focused on find-
ing candidates for PC (Kim & Moon, 2020; Yang et al.,, 2019). In-
deed, designers and engineers can sort out their desired assem-
bly based on their experience; however, in this digital era, theo-
retical and practical bases are required to filter the potential as-
sembly design intended for AM. In addition, regarding the manu-
facturability of products, assemblability should be considered or,
in other words, design for assembly (DfA) to satisfy customer re-
quirements. To demonstrate this, VR experiments were conducted
on various alternatives of 2D tables to verify the independence of
non-functional requirements (nFRs) such as assembly time and
assembly displacement error. Furthermore, a case study on in-
dustrial lifeboat hook assemblies involving human subjects in VR
environments is also provided to showcase the framework’s ap-
plicability.

To achieve the points mentioned above, a comprehensive deci-
sion framework is necessary, as shown in Fig. 1, which provides a
brief overview. The primary purpose of this framework is to select
the best assembly design among many possible consolidated al-
ternatives. For this, following Fig. 1, first, customer needs (CNs) are
dictated by stakeholders and mapped to respective requirements.
Along with these requirements, DfAM-specific constraints are ap-
plied to narrow down the number of possible assembly designs.
Then the design matrix which includes a correlation between the
requirements should be verified for independence by VR experi-
ments as per AD-1. If that satisfies, one can go for the next stage
of selecting the best assembly design based on the design matrix.

Following that, data processing should be performed resulted
by digital twins in the form of a virtual prototype of an ac-
tual assembly system to ensure applicability in AD-2. Finally, an
assembly design can be achieved that most likely satisfies the de-
sign range (DR) in terms of probability density.

To emphasize, the novelties of this study are: (i) human involve-
ment through assembly time and assembly displacement error
that occur during the assembly process under DfAM constraints
and (ii) filtering the best assembly design but not finding the best
part candidates for PC.

The following is how this paper is organized: Section 2 provides
background for AD and its applications in AM and DfAM. Section 3
presents the newly proposed DfAM decision framework. Section 4
details the experimental design used to extract the human aspect
of design and verify AD-1 with a pre-established design matrix
involving human subjects. In Section 5, a case study of a lifeboat
hook assembly is presented to demonstrate the decision-making
framework. Finally, the results are reported in Section 6 along with
a discussion of selecting an assembly that is superior to others.

2. Literature Review

Numerous approaches to the early design stage have been pro-
posed, including, DfAM-based guidelines (Pradel et al., 2018), in-
verse problem solving (Rodrigue & Rivette, 2010), TRIZ (Renjith et
al., 2018), AD (Salonitis, 2016), machine learning-integrated DfAM
(Jiangetal.,, 2022), and the integration of these methods (Tamayo et
al., 2019; Zhang et al., 2007). Among these aforementioned meth-
ods, AD has gained significant attention owing to its ability to pro-
vide structured and systematic design solutions. It was developed
by Suh and Sekimoto in 1990 (Suh & Sekimoto, 1990) as a theo-
retical framework to promote a more effective design approach.
According to Lee and Suh (2006), the design world comprises four
primary domains: customer domain, functional domain, physical
domain, and process domain. The interaction among these do-
mains can be interpreted as “what a customer needs” and “how
this need can be satisfied.” The notion of domains is intercon-
nected by dividing lines between the four types of design activities.
Further, it is a fundamental cornerstone of AD that facilitates the
standardization of the thinking process involved in this interplay.

Specifically, the needs, attributes, or traits that a customer is
seeking in a particular product define the “customer domain”.
Then, within a set of “FRs” and “constraints”, the CNs are mapped
to the “functional domain”. The DPs in the “physical domain” are
created to fulfill the FRs and constraints specified. Finally, in the
“process domain”, processes that should satisfy FRs are defined
using “process variables” (PVs).

The mapping process between the domains facilitates deci-
sions on an appropriate design solution. These decisions assume
that they will not contradict two governing axioms of AD. Exam-
ining the common aspects that are always included in success-
ful designs yielded these abovementioned axioms: (i) AD-1 and
(ii) AD-2 (Suh, 1995).

2.1. Independence axiom (AD-1)

AD-1is the AD’s core axiom which states that FRs should be in-
dependent of each other. However, FRs’ independence, does not
always imply physical independence; thus, the two should not be
confused with each other (Green et al., 2022).

As mentioned previously, because AD can offer a theoretical
foundation, the mapping process can be described mathemati-
cally. For example, the domain vectors {FR} and {DP} can be related
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Figure 1: Overview of the proposed decision framework. A real system refers to a case study. Input, output, and information flows are indicated

accordingly.

by the design matrix, [A]. This is shown in Equation (1) as

{FR} = [A] {DP}. (1)

The design matrix, [A] should either be a diagonal or a trian-
gular matrix to refrain from violating AD-1. Examples of diagonal
and triangular matrices are shown below:

FR1| [An 0 DP1 2)
FR2| | 0 Ay | |DP2

FR1| |Ann A | |DP1 (3)
FR2| | 0 Ayp| |DP2|’

The diagonal matrix is called uncoupled, as shown in Equa-
tion (2), whereas the design matrix presented in Equation (3), an
upper triangular matrix (or a lower triangular matrix), is called a
decoupled design matrix.

Similarly, in terms of design matrices, these relationships be-
tween {DP} and {PV} should also be maintained. The design ma-

trices are not expressed numerically in the described equations.
At the early conceptual design stage, numerical values in the de-
sign matrices need not explain the extent of independence be-
cause knowing they are independent is sufficient (Farid & Suh,
2016).

Re-angularity and semi-angularity have been reported to nu-
merically express the design matrix that could have been em-
ployed when a sufficient set of data is available in advance (Sozo
& Forcellini, 2003). Furthermore, there are instances in which
AD-1 could not provide a final solution among alternative de-
signs by applying re-angularity and semi-angularity; as a result,
AD-2 was applied to obtain the desired outcome (Delas et al,
2018).

The FRs and DPs (as well as PVs) must be decomposed into
a hierarchical relation between the domains until we attain a
complete comprehensive design. Therefore, this must organize
large systems or assembly components. This process is called the
zigzagging decomposition approach, which leads a designer to
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Table 1: Summary of studies that utilized AD for AM in terms of opportunistic and restrictive DfAM, verification of AD-1 via VR, and

inclusion of human aspects of design.

AD works in DfAM Opportunistic Restrictive Verification of AD-1 Human aspects of design
Salonitis (2016) X o X X
Renjith et al. (2020) o o X X
Toguem et al. (2020) X o X X
Chekurov et al. (2019) o o X X
Boca et al. (2021) x o x X
Agrawal (2022) o o X X
This study 0 o 0 o

observe the final subproblem/subtask/subassembly. In particular,
a mapping is performed in the domain from the left to the right
domain at the highest level and then reversed to the lower level of
the left domain (Lee & Suh, 2006). The mapping will be discussed
in detail in Section 3.

Furthermore, several designs may be acceptable by AD-1 be-
cause of the decomposition of a particular product. Among the
qualified designs, one can outperform others; hence AD-2 is ap-
plied.

2.2. Information axiom (AD-2)

AD-2 can quantitatively define the best design that satisfies AD-
1 in terms of information content I, given by Equation (4)
(Chekurovetal,, 2019; Chen et al., 2015). The selected design should
have the minimum [, implying that, compared with other al-
ternatives, it does not require much information to construct the
given design. I, is measured in terms of the probability of suc-
cess pj; hence it has a negative sign:

n==k

Itotal = 710g2 l_[ Di (4’)

i=1

where L = [0, +00).

2.3. Applications of AD in AM and DfAM

The applications of AD were comprehensively described in lit-
erature reviews published between 1990 and 2009 (Kulak et al,
2010) as well as 2013 and 2018 (Heikkild, 2020). The first men-
tion of AM in AD was in terms of rapid prototyping (Suh, 2001).
Furthermore, an iterative improvement of the test part features
designed to evaluate 3D printing processes at the microscale us-
ing AD was also reported (Thompson & Mischkot, 2015). Others
have used both axioms of AD to select the most appropriate 3D
printing technology for specific applications (Gangwar et al., 2009).
Furthermore, in the context of DfAM, Salonitis (2016) has pro-
posed a guide on how AD principles can be used as a foundation
for developing DfAM strategies. He used a bracket to validate the
framework by setting high-level FRs, DPs, and PVs. Another work
by Agrawal (2022) identified the most critical 26 DfAM and de-
sign for environment guidelines as FRs to be applied in AD, rely-
ing on both literature surveys and experts’ opinions. In addition,
they also categorized all the guidelines into five groups using AD.
Toguem et al. have proposed an AM design approach based on AD.
The design artifact was manufactured via the laser powder bed
fusion (L-PBF) platform and subsequently evaluated according
to pre-defined Geometric Dimensioning and Tolerancing (GD&T)
features. AD was also applied in aiding designers to understand
the increased design freedom and limitations of AM (Chekurov
et al., 2019). A case study of non-assembly turbine design shows
that AD can be used to design parts with better performance, af-
fordable cost, and reduced information content while considering

restrictive facets of DfAM, such as minimum wall thickness and
maximum size of parts. Another study showed that the applica-
tion of AD in AM resulted in an optimized design of molds or tools
that could be utilized for conventional manufacturing processes
(Boca et al., 2021). Allowing for quicker production with a high de-
gree of flexibility in design, the study found that their method of-
fers prevalence in production cost and time. A study conducted by
Renjith et al. (2020) integrated AD and TRIZ to form a DfAM frame-
work. Even though the authors do not involve AD-2, an original
link-pin assembly was redesigned to improve dependability and
reduce weight.

Nevertheless, while some authors have utilized opportunistic
and/or restrictive DfAM, there is a scarcity of evidence demon-
strating that the use of AD-1 within DfAM frameworks to create
a design matrix through VR and to numerically capture human
aspects related to the interaction between human subjects and
design artifacts as shown in Table 1. In particular, the studies by
Maier and Fadel (2009) and Green et al. (2022) have reported that,
apart from subjective opinions gathered during the initial stages
of design, the human aspects of design, such as the thought pro-
cesses of individuals, interactions during the design phase, en-
gagement with objects, and other key design elements, are not
captured in AD. In this study, human aspects of design primarily
refer to the interaction of human subjects with design artifacts.

Furthermore, in an assembly that will be 3D printed using PC
approaches, one can have multiple alternative variants owing to
the possibility of functional integration of assembly components
and enhanced performance (Nie et al., 2020). Thus, filtering the
best design among these combinations by considering constraints
of the functional domain and an inclusion of human aspects of
design in AD within DfAM frameworks has not yet been investi-
gated.

To address the aforementioned issues, a new assembly-level
design framework involving DfAM-specific constraints and hu-
man aspects based on AD was proposed. Furthermore, the frame-
work enables the production of assembly parts through a compat-
ible AM process, such as metal L-PBF. Additionally, not all practi-
tioners demonstrate AD-2 in DfAM, even though it is critical when
many alternative designs are available. Finally, an in-house graph-
ical user interface (GUI) is introduced to enhance the practicality
of the proposed framework.

3. Novel DfAM Decision Framework Based
on AD

In this section, we explain how the AD-adopted DfAM deci-
sion framework was developed with a focus on the inclusion
of human assembly processes. The previous lack of hu-
man aspects of design in AD-based DfAM frameworks will
be addressed by offering experimental design factors and
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parameters are assumed to be fixed.

data-driven distributions. Before that, domain-specific definitions
are
clarified.

In practice, many stakeholders provide design requirements
in product design phases. One such requirement is from the
perspective of the end-users, wherein FRs are considered as
the primary factor, while the second requirement is from the
perspective of the assembly or manufacturing process, which
conveys information through so-called nFRs (Thompson, 2013).
Thompson was the first to mention nFRs, emphasizing that they
should be explicitly identified to comply with a manufacturing
point of view. In this regard, our new approach constitutes the
extraction of nFRs instead of FRs; however, mathematically, FRs
and nFRs serve a similar role in both axioms. Furthermore, they
can be regarded within the same functional or requirement do-
main, as reported by (Mabrok et al., 2015). Characterizing key CNs
during the design process ensures that no significant components
of the problem are overlooked. Herein, CNs are referred to as
manufacturing process needs (MNs), as mentioned by Oh and Be-
hdad (2017). Nevertheless, for the selection of assemblies, we as-
sume that FRs are already satisfied; hence the main emphasis is
on nkRs.

3.1. Human involvement in the design process:
assembly time and assembly displacement
error

In this study, nFRs were extracted from MNs to enhance assembly
and AM productivity separately, unlike in Oh and Behdad’s work.
The number of parts and fasteners, handling, and insertion issues
are considered in terms of DfA to evaluate assembly complexity
(Boothroyd & Alting, 1992). Furthermore, there are both manual
and automatic assembly types (Mattsson, 2013). This study fo-
cuses on manual assembly to both enhance assembly productiv-
ity in low-volume manufacturing and to demonstrate the human
aspect of assembly designs.

In the first stage of the proposed approach, as shown in Fig. 2, to
improve DfA productivity, assembly time (nFR1) and assembly dis-
placement error (nFR2) should be verified for their independence.
Additionally, the support volume (nFR3) of different assembly de-

signs of a real case study under DfAM constraints is considered
to enhance AM productivity. After the identification of nFRs, DPs
are also obtained, as demonstrated in the coming sections. Next,
the motivation behind providing the abovementioned nFRs is ex-
plained in brief.

nFR1-assembly time: It is a critical factor in supply chain that
governs a major portion of the manufacturing costs. Reducing
assembly time of a product by 50%-75% via the implementation
of the DfA rules results in a financial gain for industry sectors
(Boothroyd & Marinescu, 2008).

nFR2 - assembly displacement error: It is a crucial metric for
evaluating different combinations of PC assemblies. In this study,
this is used

(i) to assess the design complexity qualitatively;

(ii) to quantify assembling error during manual assembly;

(iii) to offer an assembly line worker a controlled environment;
and

(iv) to offer ways of interaction between people and the as-
semblies before the launch of the product to accelerate the
learning process of assembling.

nFR3 - support volume: Before 3D printing, build orientations
of the parts in the assembly must be properly managed. Owing
to the large projected area, the support volume increases as the
number of parts consolidated increases (Nie et al., 2020). This sub-
sequently renders the removal of the support parts even more dif-
ficult (Auyeskhan et al., 2021).

To reiterate, nFR1 and nFR2 directly pertain to the human as-
pect of assembly designs because, in DfA, humans are extensively
involved within manual assembly (see Fig. 2).

However, it should be demonstrated that nFRs are in the same
highest level hierarchy before determining their DRs. This issue
is associated with the construction and verification of the design
matrix, which is primarily overlooked. For example, one may re-
gard that as nFR1 increases, nFR2 reduces, implying that they are
dependent and mutually inclusive. However, this may not neces-
sarily be true. To avoid this, an experiment comprising four dif-
ferent 2D tables was performed to validate independencies in the
first place. The details are presented in Section 3.3.2. Before, the
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Table 2: Correlation matrix generated between a pair of nFRs.

Corr nFR1 nFR2 - nFRk
nFR1 1 T2 Tk
nFR2 1 ok
nFRj Tik

DfAM-specific constraints must be clarified within the decision
framework.

3.2. DfAM-specific constraints and study
assumptions

In this study, nFRs are included within the functional domain,

and along with the nFRs, some constraints limit the acceptable

designs. However, constraints, unlike nFRs, are not expected to be

independent; thus, it is not necessary to prove their mutual inde-

pendence (Weber et al., 2015).

Herein, the primary constraint is keeping the build time and
build cost of the assemblies constant, as our focus is to address
human aspects among the assembly alternatives. The assump-
tion is valid because as the number of consolidated parts in-
creases, the support volume also increases, increasing the cost of
assembly, as mentioned previously by Nie et al. (2020). However, if
there are many unconsolidated parts, the cost associated with as-
sembly time will be substantially higher, particularly in the metal
L-PBF system. Therefore, based on the two mentioned scenarios,
the outcome of build time and cost are assumed to be identical.
Moreover, these constraints are directly affected by the build ori-
entations of the parts of assemblies; thus, build orientations are
controlled in a manner in which the parts have a minimum vol-
ume of support structures. Furthermore, post-processing must be
considered to enable the removability of supports. Additionally,
when it is necessary to join the parts in an assembly, welding costs
also become a concern; nevertheless, in this study, we assume that
they are considerably lower than the 3D printing cost; thus they
are neglected (Chayoukhi et al., 2009). Regarding the nFR2, the as-
sumption was made that insertion parts such as bolts with nuts
were not considered as they do not result in any assembly dis-
placement errors to demonstrate the assembler’s interaction with
a specific design.

3.3. Verification of independence between
assembly time and assembly displacement
€rror

3.3.1. Correlation matrix

As previously stated, before constructing the design matrix, it is

required to verify that a pair of nFRs are orthogonal. This can be

proven by a correlation matrix (Asuero et al., 2006) via using Ta-
ble 2. For example, if there is a need to confirm the independence
between nFRj and nFRk, a correlation coefficient will be repre-
sented as in Equation (5). Thus, it will be utilized to verify the in-
dependence of assembly time and assembly displacement error
via VR settings as illustrated in Section 4.4.

>N (nFRji — pnerj) (NFRR; = finrre)
IV OER: = sy S FRR: — o)

= Ti (5)

Corr (nFRj, nFRR) =

here -1 <r<1;

T, — correlation coefficient
u— mean of respective nFRs; and
i— element of nFRs.

3.3.2. Decomposition of nFRs-DP

The next step is toidentify the associated DPs. Here, the zigzagging
method can be used to map between nFRs and DPs (Suh, 2001),
as shown in Fig. 3. Corresponding DPs are assembly alternatives
(DP1), the number of edges and connectors (DP2), and build ori-
entation (DP3). DP1 and DP2 can be further decomposed. Each DP
is described in detail in Section 4.4. In the case of PVs, as pro-
cess parameters are primarily fixed in industrial 3D printers, it is
a valid assumption that all DPs could be obtained using already
optimized process parameters with respective pre- and post-
processing of a build print. Thus, it is assumed that the design
matrix obtained from the DP-PV relationship also follows AD-1.

3.4. Data acquisition to select the superior
design

One of the insights of this work is the acquisition of data from

digital prototypes. Specifically, the assembly time and assembly

displacement error (human assembly data) were gathered from

a VR simulation and support volume (manufacturing) data from

third-party software.

Primarily, digital twins have been utilized for various tasks
in the literature, including optimization, security improvement,
monitoring, predicting, user training, and enhancing a physical
prototype or a process (Liu et al., 2022; Segovia & Garcia-Alfaro,
2022). Through VR technology, it is possible to interact between
a virtual and real environment. For instance, data can be gath-
ered from digital twins using VR'’s controllers, as shown in Fig. 4d,
in a real-time setting. After confirmation of design matrix satis-
faction by AD-1, one can proceed to populate digital twin data,
which contain human aspects of design via VR experimentations
and pre-processed 3D printing assembly design. These data are
used in the decision framework to evaluate the best design.

3.4.1. Assembly time (nFR1)

To determine the assembly time in a VR scene, the starting time
and submission time of each assembly were recorded (Fig. 4e).
In addition, VR technology was used to create a simulated as-
sembly environment closely resembling real-world conditions.
Human subjects were able to accomplish the assembly tasks in a
natural and intuitive manner as a result of the utterly immersive
assembling experience. Thus, VR allows us to collect information
on human subjects’ movements and interactions with design arti-
facts which can help to quantify assembly time and displacement
error in assembly procedures.

3.4.2. Assembly displacement error (nFR2)
The assembly displacement error, sometimes referred to as an er-
ror, represents the deviation of the assembled part from its refer-
ence position. It is calculated by summing the distances between
the reference and actual locations of the parts. The error is cal-
culated using an assembly graph depicted in Fig. 4a—c. The unity
module, which is easily reusable, is provided to facilitate this cal-
culation. A brief explanation follows.

The graph’s edges capture the distance between actual and ref-
erence assembly components, and it is summed to give the error
of the assembly at hand. This graph consists of:

(i) Components which represent each part of the assembly.
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Figure 3: Zigzagging method between nFRs and DPs. The arrows are used to distinguish the zigzagging approach: red for nFR1, blue for nFR2, and

dashed black for nFR3.

(@)

(d) (e)

Controller

Username Daytime x1 (mm) | x2 (mm) |
start | 10.02:13AM
ID-1 10.0546AM | 3.212615 | 6438042 |

”~

Figure 4: (a) Assembly graph example for representative components, (b) representative components with edges and connectors, (c) general
representation of the edges in 3D, (d) human subject with VR controller, and (e) assembly time and error recording as soon as connectors are joined.

(ii) Each component has a few connectors. These are the
points where components fit together. They resemble weld-
ing points.

(iif) Edges capture the relationship between two connectors.
Initially they contain the distances in meter Ax, Ay, and
AZ.

(iv) Assembly displacement erroris calculated by summing the
radial distance of each edge as in Equation (6). In this case,
L1-norm was used as it places emphasis on the minor er-
rors, where L2-norm would place more weight on larger er-
Tors.

(6)

Error = H,/sz + Ay? 4+ AzZ?
1

3.4.3. Support volume (nFR3)

DfAM-specific constraints explained in Section 3.2 should be con-
sidered to extract support volume data. The data can be obtained
by commercial pre-processing software such as Magics Materi-
alise, for example.

To utilize obtained aforementioned nFRs data in information
axiom, data processing needs then be carried out in terms of an
appropriate distribution illustrated in Section S1 in the Supple-
mentary file. In addition, DRs are used to define the allowable
variations in the design without compromising the nFRs (Oh &
Behdad, 2017). Thus, DRs are decided based on the nFRs subjec-

tively because they demonstrate how well the design meets the
targets while maintaining its independence.

This section shows how data acquired from digital prototypes
were used to compare designs. Both third-party software for the
support volume and VR to capture human assembly data were
involved. Next, the details of the experimentations will be covered.

4. Experiment

4.1. Design of experiments

It is worth reiterating that using VR enables the evaluation of
the human aspect of design by allowing for interaction with the
design beforehand. VR scenes were programmed in such a way
that they allow extraction of the activities of human subjects and
record the corresponding data (nFR1 and nFR2) in real-time. The
process was initiated using simple assemblies from the 2D table
and subsequently progressed to utilizing actual assembly parts
(see Fig. 5).

4.2. Description of assembly operations

Human subjects were expected to assemble the components at
the designated areas of each part. They received audio and visual
feedback when they finished the task correctly. Initially, human
subjects completed a tutorial to familiarize themselves with VR,
the process, and the objectives. Then, the primary experimental
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Figure 5: Outline of the design of experiments to obtain the human aspect of design (the dashed box represents the set of experiments). Basic VR
tutorial and 2D tables are utilized to form the design matrix. Then, one can try to assess target assembly designs. In this study, the authors chose

lifeboat hook assemblies described in Section 7.

Figure 6: (a) [llustration of how a human subject experiments with assembly parts, (b) 2D table scene, and (c) Hook assembly scene.

tasks were conducted several times to facilitate and evaluate the
learning process. As it pertains to assembling, the human subjects
performed PC by joining the assembly parts.

4.3. Experimental procedure

VR experiments with 10 human subjects were conducted to es-
tablish this approach. The subjects are all male, with ages ranging
from 18 to 29 years. The participants have little to no prior expe-
rience with VR. Throughout the 10 days of the experiment (two
groups of five participants each performing across 2 weeks x 5
days), all participants tested in the morning and afternoon within
non-repeating time slots.

In our study, there are three virtual scenes: (i) tutorial, (ii) 2D
tables, and (iii) real assemblies, as shown in Fig. 6. For each as-
sembly task, all participants were shown video instructions and
were well compensated for the experiments. In the beginning, all

participants passed the tutorial scene and proceeded to the stage
with 2D tables. There are four assemblies differing in the number
of components, connectors, and edges. Each assembly was tested
thrice on the first day, and then it was increased by one each day.
The primary reason for the observed efficiency in assembly time
is due to Wright learning, in which human subjects start to learn
to assemble faster (Wright, 1936). This learning process provides
more assembly trials within 5 days. Similarly, in the second scene,
the case study of the lifeboat hook was tested, and it followed the
same procedure as the scene with the 2D tables.

As mentioned previously, the 2D tables are used to evaluate
the orthogonality of nFR1 and nFR2, which pertain to enhanc-
ing DfA productivity. Different numbers of components, connec-
tors, and edges are used to establish this independence. For ex-
ample, as shown in Fig. 7 and Table 3, the pairs of (T1, T3) and
(T2, T4) are structurally and functionally the same but have
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T1

Qi )

shared parts

Reference

() connector
+<— edge

y axes
X

Figure 7: 2D tables with different numbers of components. Shared gray and red parts represent the upper side of all 2D tables. The different colored
parts are distinguished by the edges. An example of the edges in T4 are highlighted as x1-4. The assembly process is provided as a supplementary

video.

different numbers of components. They were intentionally de-
signed to observe the dependence between nFR1 and nFR2. Addi-
tionally, these 2D tables and respective numbers of components
are chosen to test repeatability and to ensure ease in assembling
for the participants. The 2D tables are expected to be assembled
on the desk to avoid errors in 3D as if the parts are assembled
using jigs and/or holders.

4.4. Verification of independence among nFRs

AD approach consists of several steps to ensure that all MNs are
met systematically, as it was pointed out in Section 3.1. The initial
step in this study was to obtain a clear understanding of the MNs,
with a particular emphasis on improving DfA and DfAM produc-
tivities to establish a desired design matrix. Once MNs are deter-
mined, the next step is to map them into the functional domain
to identify nFRs. These nFRs are then decomposed into lower level
nFRs until the lowest level of detail is reached. After analyzing

Table 3: Number of components, connectors, and edges of the 2D
tables.

2D table# Components Connectors Edges
T1 7 14 6
T2 11 22 10
T3 7 14 6
T4 5 10 4

nFRs, DPs, which are the design variables that can be adjusted to
achieve the desired nFRs, are identified.

As mentioned earlier, DfA involves part handling and insertion
times; thus, nFR1 can be decomposed into part handling time
(nFR11) and insertion time (nFR12). The corresponding DPs are
the number of parts (DP11) and the number of interfaces (DP12)
(see Table 4). nFR11 and DP12 are orthogonal according to Oh and
Behdad (2017); hence AD-1 can be satisfied. Orthogonality implies
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Table 4: Decomposed nFR1.

Journal of Computational Design and Engineering, 2023, 10(3), 1126-1142

Number of  Number of
nFRs\DPs parts interfaces
DP11 DP12
Less parts handling time (s) nFR11 X 0
Less parts inserting time (s) nFR12 X X
Table 5: Decomposed nFR2.
Number of
Morning or  people ex-
nFRs\DPs afternoon perimented
DP21 DP22
Acceptable fatigue level nFR21 X 0
Acceptable DFA complexity nFR22 X X

directindependence among either FRs or nFRs. In the case of nFR2,
it can be further divided into human fatigue level (nFR21) and
DfA complexity (nFR22) as well as respective DPs such as daytime
(DP21) and the number of human subjects (DP22) (see Table 5).
This is explained by the inclusion of the scattered schedule dur-
ing the experimentation to avoid human fatigue. It is accepted
that humans perform better in the mornings (Hines, 2004); hence,
these DPs are critical when nFR2 is considered. Additionally, the
nFR21 is not related to DP22; thus, this is the lowest level of detail
for nFR2.

After a serles of experimentations with 2D tables, one can find
a correlation between nFR1 and nFR2 as a result of Equation (5).
It should be noted that the correlation coefficient was found be-
tween each edge of nFR2 and nFR1, also between the L1 norm of
nFR2 and nFR1 to observe the independence wholly. Table 6 shows
that max(|r|) = 0.11742 implying a very weak correlation (refer to
Section S2 of Supplementary file) which can represent the inde-
pendence of L1 norms of nFR1 and nFR2.

Meanwhile, as DfA and DfAM productivities were distin-
guished, nFR3 can now be appended to the design matrix with-
out intervening independence of nFR1 and nFR2. Thus, this de-
sign matrix will facilitate the consideration of any assemblies for
AM, as shown in Table 7. Note that the other key issues which
should be concerned in enhancing AM productivity, such as nest-
ing/packing, pre- and post-processing as well as material prepara-
tion, are already assumed to be considered within DP-PV relation
as mentioned in Section 3.4.

nFR1 and nFR2 include both the design aspect of the artifacts
and human aspect of the design. The rationale is that every ar-
tifact has different nFR1 and nFR2 from a design perspective. Fi-
nally, the systematic and experimental approach to construct and
verify a design matrix results in a decoupled design, as described
in Equation (7). It should be clarified that after the verification of
independence of nFRs in the early design stages, a detailed design
stage is of a concern to finally select the best assembly design.

Air Ay Az X 0 O
A =|Ap Axpn Az =X X 0 (7)
Az Ay Az X X X

5. Case Study - Lifeboat Hook Assembly

The proposed decision framework is illustrated by involv-
ing the Hyundai lifeboat hook assembly from the previous

Table 6: Correlation matrix between nFR1 and nFR2. Labels x1-x10 represent the edges. L1-norm of nFR2 versus nFR1 shows very weak correlation (|r]<0.199) hence there is an indepen-

dence between them.

L1-norm of nFR2 versus nFR1

Assembly displacement errors (nFR2)

2D tables

x10

x9

x8

x7

X6

x5

x4

x3

x2

x1

—0.11349
—0.04291
-0.117 42
—0.10976

—-0.21913
—0.00449

—0.06156
—0.01667
—0.034

—0.13145
—0.0797
—0.07558
—0.0398

0.134 008
—0.15953
—0.2235
—0.07552

—0.12051
—0.14396
—0.106 66
—0.13759

—0.19186
—0.10172
—0.14949
—0.0957

T-1
T-2

Assembly time (nFR1)

0.008542  0.061481 —0.067 47

0.010255

0.014 856
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Table 7: Design matrix to enhance DfA and DfAM productivities.

Number of edges and

nFRs\DPs Assembly alternatives connectors Build orientation
DP1 DP2 DP3
Less assembly time (s) nFR1 All A21 A31
Assembly displacement accuracy error (mm) nFR2 Al12 A22 A32
Support volume range (cm?) nFR3 Al13 A23 A33

(d)

Figure 8: (a) Unconsolidated, (b) half-consolidated, and (c) consolidated hook assemblies. Unconsolidated and half-consolidated ones are assembled
using jig in VR environment to control misalignment in 3D. (d) Edges of the assembly. (e) Exaggerated edges for visual illustration.

Table 8: Number of components used in this study (exclud-
ing auxiliary parts), connectors, and edges of the lifeboat hook
assemblies.

Hook alternatives  # of components  # of connectors  # of edges
Unconsolidated 3 16 8
Half-consolidated 2 10 5
Consolidated 1 0 0

study, along with different versions of the PC-ed assemblies
(Auyeskhan et al, 2021). The hook assembly is an excel-
lent example for demonstrating PC owing to its numerous
parts.

Combinatorically, without any constraint, 30 hook assembly
designs can be determined owing to the layout of the parts. For
the details of how these assembly variants were obtained, read-
ers can refer to Section S3 in the Supplementary file. Never-
theless, as it is impractical to include all of them, some con-

straints should be set. In the proposed approach, the DfAM-
specific constraint is to maintain the build time and costs of
all hook assembly alternatives the same. To do that, one must
orient all the parts (excluding the auxiliary and miscellaneous
components such as fasteners, nuts, and covers) to have a min-
imum support volume. However, the support volume of each de-
sign varies among assembly designs owing to the number of con-
solidated parts; hence it can be used within the intended design
matrix.

After applying the constraints, only three assemblies are se-
lected to demonstrate the importance of human aspects in the
design, as shown in Fig. 8. These three assemblies vary in terms of
the primary plates that constitute a substantial portion of support
volume (Fig. 8a—c). The other parts are the same in all assemblies;
thus, only these large plates will be used to evaluate nFRs. Table 8
shows brief information on the assemblies, such as the number
of parts, connectors, and edges. Furthermore, Fig. 8d shows edges
during the assembly process, while Fig. 8e shows the exaggerated
one.
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Figure 9: Representative fitted data of nFR1 and nFR2 with means (u) and standard deviations (o) of half-consolidated hook designs [(a) and (c)] and

unconsolidated hook designs [(b) and (d)].

Table 9: DRs of hook assembly.

DRs Less Moderate More
nFR1 (s) 20 55.561 75
nFR2 (mm) 2 13.33 24
nFR3 (mm3) 10000-23 000 10000-33 000 10000-43 000

For nFR1 and nFR2, a true scale of the hook parts in VR is em-
ployed. Nevertheless, nFR3 possesses values of downscaled (by
1/3) alternatives, as one must fit the hook assembly within the
L-PBF printer to demonstrate fabricability. Herein, fabricability by
L-PBF of all the presented assembly designs is not included. Yet,
the printability procedure of the consolidated hook assembly has
been covered in Section S4 of the Supplementary file.

To re-emphasize, instead of CNs, MNs are considered because
the original design and consolidated variations of hook assem-
bly are already functionally valid. A reader can refer to a solved
design matrix of FR-DP relation provided in Section S5 in the
Supplementary file.

6. Results and Discussion

The experimental data were processed using an in-house python
script before it could be evaluated using the framework. When
AD-2 is involved, it is customary to use a normal distribution
(Chen et al., 2015), albeit this may not meet the demands of this
study given that its values might reach negative infinity. The
most appropriate distributions were selected and fitted for each
system range of nFRs. For example, the system range of nFR1
can be interpreted as a gamma distribution as shown in Fig. 9a
and b.

Normal distributions would not represent a real scenario as
nFR1 > 0 and nFR2 > 0 because its random variables are the wait

time until the n™ assembly was assembled. Whereas lognormal
distribution is ideal for nFR2 that cannot take negative values es-
pecially when a dataset is skewed to the right, hence it was cho-
sen to be the best fitting distribution as it is seen from Fig. 9c
and d.

Nevertheless, in terms of the means, for unconsolidated hook
assembly, it took 73.0% more time to assemble (more nFR1), while
the half-consolidated design has less 82.6% assembly displace-
ment error (nFR2) than that of the unconsolidated one. This re-
veals the significance of PC in reducing the assembly time and
assembly displacement error pertaining to the human aspect of
design. However, it should be noted that to choose the best assem-
bly design, in further steps the support volume (nFR3) will be also
taken into account, which is compensated by the number of parts
consolidated.

Furthermore, Table S6-1 contains the fitting parameters such
as shape, location, scale, and mode of nFR1 and nFR2 for reference.
The goodness of fit of the gamma and lognormal distributions
can be confirmed using the Kolmogorov—Smirnov test (kstest). The
kstest showed the data fit the distributions sufficiently (i.e., P-
values > 0.05), as in Table S6-2.

Once the data processing is complete, a designer can select
DRs that satisfy the desired nFRs (Suh, 2014). These DRs play a
crucial role as they indicate the design’s ability to accommodate
variations in tolerance. The characteristic of AD theory, weight-
ing factors are not needed as the tuning of the DRs already
shows which nFR is more crucial (Suh, 1998). In this regard,
the DRs are chosen in three distinct levels—less, moderate, and
more. Each level expresses the importance of the specific nFR,
and the selection of the levels facilitates the matching of the
capabilities of a machine shop to manufacture a particular as-
sembly design. For example, if a customer wants their prod-
uct to be assembled quickly, he chooses nFR1 as less and looks
for machine shops that could satisfy the customer’s need on
time.

€20z AN 0 uo Jasn ABojouyoa ] g 82UBIOS JO JSU| BN UESIN AQ 9GF09L /92 | L/E/0L/BIo1E/EPOl/LI0D"dNO"DILISPEDE//:SARY WO PAPEOUMOQ



1138 | VR-based decision framework for Additive Manufacturing

Table 10: System ranges of nFR3 identified using Magics v24.1.

nFR3_uniform Unconsol

Half-consol Consol

System ranges (mm?) 11114.568-16 755.150

19932.250-48762.273 31741.781-43171.249

i

(@)

I|
I

(b)

II/

Figure 10: The support types of (a) unconsolidated, (b) half-consolidated, and (c) consolidated assemblies are default block, lines and point supports

generated automatically.

| Assembly type |
consol —
unconsol
Pai consol
i half_consol = 0 &
Assembly type
consol —i
[NFR1}-Assembly time (s)
s [nNFR1]-Assembly time (s) |
[nFR2]-Displacement error (mm)
l_ T MODERATE —
[nFR3]-Support Volume (mm3) LESS
MORE — MODERATE
. Assembly Time:1.0 MORE
Probability of success [Displacernent Error:1.0
DPuFRi Support Volume:0.985
Information content:0.0218

Figure 11: A capture of the in-house GUI to find the best assembly design based on AD-2. In this case, it is a consolidated type.

Table 9 shows the DRs of nFRs along with the correspond-
ing levels. They are chosen based on the conducted experi-
ments (i.e., nFR1 and nFR2) and characteristics of hook types (i.e.,
nFR3).

Therefore, herein, moderate DRs are set to be the means of the
modes of gamma and lognormal distributions, for nFR1 and nFR2,
respectively. The modes are used because they are defined as the
values appearing most frequently in a dataset. Thus, moderate
DR of nFR1 is 0-55.561 s while that of nFR2 is 0-13.33 mm. DRs
of less and more are set to demonstrate quantification at lower
and larger values, respectively, which can also be tuned by a user
based on the experimental results.

Further, the system ranges of nFR1 and nFR2 can be found
experimentally, but in the case of nFR3, the system ranges
for each assembly are set to be between the minimum and
maximum values of the support volume identified by Magics
v.24.1, as shown in Table 10. nFR3 can be regarded to be
uniformly distributed because the continuous uniform distribu-
tion exhibits the same probability of an outcome over a DR. The
DRs of nFR3 were selected according to the values of assembly
types. Figure 10 shows the support structures of three hook as-
semblies.

Calculating information content across the different DRs for
various assemblies is a repetitive task and thus lends itself well
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Figure 12: A part of GUI that displays probability densities of (a) consolidated, (b) half-consolidated, and (c) unconsolidated hook assembly designs.

Table 11: A representative case of computed Iio,1. Note that pygg,
and p,rg, stay constant in consolidated hook type as it does not
involve assembling.

Unconsol Half-consol Consol
Prrra 0.0078 0.0409 1
Prrro 0.15 0.6257 1
Prrrs 1.0 0.8001 0.985
. 9.7312 5.6104 0.0218

to automation. For this reason, an in-house GUI for selecting the
best assembly design has been developed. First, the assembly type
should be chosen, following which corresponding nFRs with the
desired level of DRs can be selected. Therefore, GUI calculates the
probability densities of nFRs and the information content of that
hook type, as shown in Fig. 11. At the same time, the probabil-
ity densities of every hook type are plotted and calculated upon
pressing “update” as shown in Fig. 12. Note that the GUI can be
easily modified according to any assembly design; hence it is not
limited to the hook assembly.

As a comparison, probability density plots and a summary of
the table of information contents of each hook type are shown
when DR{nFR1} = Less, DR{nFR2} = Moderate, and DR{nFR3} =
More. Based on the information in AD-2, it can be concluded that
the consolidated hook assembly is the best design in terms of in-
formation content, as demonstrated by the results in Table 11 and

Fig. 123, given the selected DRs. Additionally, Fig. 12b and c display
the probability densities of half-consolidated and unconsolidated
hook assemblies, respectively. Moreover, if one wants to utilize the
framework for any other assemblies, one of the nFRs can be dis-
abled. For example, for assemblies that require bolts, nuts, and
riveting, nFR2 can be switched off, and the evaluation can be pro-
ceeded based on nFR1 and nFR3.

As can be observed, a new AD-based assembly-level DfAM
framework enabled by VR led us to extract the human aspect of
design, which has been presented for the first time to the best of
the authors’ knowledge. The applicability and versatility of both
AD and VR ensure that human aspects can be numerically ex-
pressed, thus eliminating subjectivity in decision-making to a cer-
tain extent.

7. Conclusions and Future Works

This study presents a unique AM design decision framework in-
corporating DfA, DfAM, and AD theory to extract the most desir-
able assembly design in terms of probability density. The detailed
workflow to improve assembly and AM productivities utilizing AD
involves hitherto mostly disregarded human aspects of design at
the early design stage. By assisting an assembly line worker with a
VR environment in advance, nFRs can be quantified based on the
interaction of human subjects with assembly design alternatives.
The contribution of our proposed study is manifold and can be
listed as follows:
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(i) Provision of a structured and experimental base for verify-
ing a design matrix for independence.

(ii) Quantification of nFR1 and nFR2 within VR scenes.

(iii) Demonstration of the framework on an industrial lifeboat
hook assembly.

(iv) Extraction of the most preferred assembly based on speci-
fied DRs.

(v) Automation of a resultant workflow via a newly developed
GUL

As was shown, PC can produce several different assembly
types. Our study can assist in determining the ideal assem-
bly design to be printed using, e.g., L-PBF printers. However,
the authors do not consider various build orientations; hence,
the parts’ costs are assumed to be constant. In future work,
cost constraints can be lifted to involve multiple build orienta-
tions rather than just minimizing nFR3. Furthermore, the DRs
when applying AD-2 must be experimentally identified, which
might require extensive resources. However, once extracted, DRs
will be applicable for multiple assembly designs at the detailed
design stage. Moreover, this study shows that including hu-
man assembly processes in an AD-based AM decision frame-
work can be potentially used before 3D printing any assembly
designs.
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