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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 fr amew ork is presented herein for extracting the 
superior assemb l y design to be fa bricated by AM r oute. It specificall y addr esses the intersection between human assemb l y and AM 

hence combining design for assemb l y, and design for additi v e man ufacturing using axiomatic design theor y. Sev eral virtual r eality 
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 r equir ements such as assemb l y time and assemb l y 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 
pr oba bility density based on the information axiom. The technique effecti v el y identifies the assemb l y design most likely to fulfill the 
non-functional r equir ements. To the authors’ best kno wledge, this is the first stud y that n umericall y extracts the human aspect of 
design at an early design stage in the decision process and considers the selection of the superior assemb l y design in a detailed design 

stage . F inally, this process is automated using a graphical user interface, which embraces the practicality of the curr entl y integrated 

fr amew ork and ena b les man ufactur ers to choose the best assemb l y design. 

Ke yw ords: axiomatic design, decision making, design for additi v e man ufacturing, design for assemb l y, part consolidation, digital twin 
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. Introduction 

efor e thr ee-dimensional (3D) printing of an assembl y, specificall y
t the early design stages, one should be able to identify which
ssembly design is the best among many alternatives provided by
art consolidation (PC). PC is the opportunistic facet of design for
d diti ve man ufacturing (DfAM) that allows combining parts re-
ulting in a reduced part count of an assembly (Biswal et al., 2020 ).
arious techniques are available that address PC both conceptu-
lly (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-
idates for 3D printing particular assemblies. Another study by
chmelzle et al. ( 2015 ) shows a conceptually design-case-oriented
C that resulted in a single component printed by using laser pow-
er bed fusion enabling better performance. 

Mor eov er, at the early design stage, a customer with a multi-
omponent assembly w ould w ant to have the most desired as-
embly based on human aspects of design. The reason is that hu-
an aspects of design ca ptur e a direct interaction of human sub-

ects with design artifacts (Maier & Fadel, 2009 ). In this context,
esign artifacts are the parts of assemblies aimed to be fabricated
A  
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ia ad diti ve man ufacturing (AM) route. Two important questions
rise fr om this: Firstl y, how can human-center ed design aspects
e effectiv el y integr ated? Secondl y, how can both conceptual and
heor etical a ppr oac hes be incor por ated to select the optimal as-
embl y design? Ther efor e, for the first question, virtual reality (VR)
s reported to be the most r ele v ant tool for human involvement in
he experiment (Abidi et al., 2019 ; Brookes et al., 2020 ). To aid in
he selection of the best assembly design, axiomatic design (AD)
heory is one of the design methodologies that could be emplo y ed
Suh, 1995 ). 

The present study will focus on VR and AD applications to in-
olve human aspects in selecting the best assembly DfAM. The
tudy by Abidi et al. r e v eals that the participants who r eceiv ed
R tr aining demonstr ated a higher le v el of performance, as evi-
enced by a reduction in the number of errors and a decrease in
he time r equir ed to assemble the actual product when compared
ith those in the traditional or baseline training group (Abidi et

l., 2019 ). In the case of AD, it has been extensiv el y utilized for
lmost three decades in different sectors: software (Harutunian
t al., 1996 ), manufacturing systems (Rauch et al., 2016 ), decision-
aking (Wang et al., 2020 ), and other sectors (Kulak et al., 2010 ).
D was used herein to lay a scientific foundation with its two
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de v eloped 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 r equir ements 
(FRs) and the design parameters (DPs) inherited by design. AD-2 
can be r eferr ed to as a selection filter for designs that already sat- 
isfy AD-1. 

AD has been utilized as a basis for the design fr ame work for 
AM in the study by Renjith et al. ( 2020 ). That AM fr ame w ork w as 
cr eated thr ough a rigor ous pr ocess of identifying and defining the 
design problem based on FRs , DPs , and the capabilities of AM. By 
systematically considering these factors, the fr ame work pr ovides 
a structur ed a ppr oac h to designing for AM, helping to ensure that 
the resulting product is optimized. 

The work by Agrawal showcases the usage of AD by incor por at- 
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 ar e mor e important based on a conducted survey at the early 
design stages. 

Although AD has been used in the early design phases, there 
exist se v er al limitations in AM design fr ame works in whic h AD 

was utilized, as listed below: 

(i) The absence of a VR experimental a ppr oac h 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 de v elopment. T his in volv es not onl y 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; ho w ever, 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- 
factur ability of pr oducts, assemblability should be consider ed or,
in other w or ds, design for assembly (DfA) to satisfy customer re- 
quir ements. To demonstr ate this, VR experiments wer e conducted 

on various alternatives of 2D tables to verify the independence of 
non-functional r equir ements (nFRs) suc h as assembl y 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 fr ame work’s a p- 
plicability. 

To ac hie v e the points mentioned abo ve , a comprehensive deci- 
sion fr ame w ork is necessary, as sho wn in Fig. 1 , whic h pr ovides a 
brief ov ervie w. The primary pur pose of this fr ame work 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 r espectiv e r equir ements.
Along with these r equir ements, DfAM-specific constr aints ar e a p- 
plied to narro w do wn the number of possible assembly designs.
Then the design matrix which includes a correlation between the 
r equir ements 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 

y digital twins in the form of a virtual prototype of an ac-
ual assembly system to ensure applicability in AD-2. Finally, an
ssembly design can be achieved that most likely satisfies the de-
ign range (DR) in terms of probability density. 

To emphasize , the no v elties of this study ar e: (i) human involv e-
ent thr ough assembl y time and assembl y displacement err or

hat occur during the assembly process under DfAM constraints 
nd (ii) filtering the best assembly design but not finding the best
art candidates for PC. 

The following is how this paper is organized: Section 2 provides
ac kgr ound for AD and its applications in AM and DfAM. Section 3
r esents the ne wl y pr oposed DfAM decision fr ame work. Section 4
etails the experimental design used to extract the human aspect
f design and verify AD-1 with a pre-established design matrix 
n volving human subjects . In Section 5, a case study of a lifeboat
ook assembly is presented to demonstrate the decision-making 
r ame work. Finall y, the r esults ar e r eported in Section 6 along with
 discussion of selecting an assembly that is superior to others. 

. Liter a ture Revie w 

umer ous a ppr oac hes to the early design sta ge hav e been pr o-
osed, including, DfAM-based guidelines (Pradel et al., 2018 ), in-
 erse pr oblem solving (Rodrigue & Riv ette, 2010 ), TRIZ (Renjith et
l., 2018 ), AD (Salonitis, 2016 ), mac hine learning-integr ated DfAM
Jiang et al., 2022 ), and the integration of these methods (Tamayo et
l., 2019 ; Zhang et al., 2007 ). Among these aforementioned meth-
ds, AD has gained significant attention owing to its ability to pro-
ide structured and systematic design solutions. It was developed 

y Suh and Sekimoto in 1990 (Suh & Sekimoto, 1990 ) as a theo-
 etical fr ame work to pr omote a mor e effectiv e design a ppr oac h.
ccording to Lee and Suh ( 2006 ), the design world comprises four
rimary domains: customer domain, functional domain, physical 
omain, and process domain. The interaction among these do- 
ains can be inter pr eted as “what a customer needs” and “how

his need can be satisfied.” The notion of domains is intercon-
ected by dividing lines between the four types of design activities.
urther, it is a fundamental cornerstone of AD that facilitates the
tandardization of the thinking process involved in this interplay.

Specifically, the needs, attributes, or traits that a customer is
eeking in a particular product define the “customer domain”.
hen, within a set of “FRs” and “constraints”, the CNs are mapped
o the “functional domain”. The DPs in the “physical domain” are
reated to fulfill the FRs and constraints specified. Finally, in the
pr ocess domain”, pr ocesses that should satisfy FRs ar e defined
sing “process variables” (PVs). 

The ma pping pr ocess between the domains facilitates deci-
ions on an a ppr opriate design solution. These decisions assume
hat they will not contradict two governing axioms of AD. Exam-
ning the common aspects that ar e al ways included in success-
ul designs yielded these abovementioned axioms: (i) AD-1 and 

ii) AD-2 (Suh, 1995 ). 

.1. Independence axiom (AD-1) 
D-1 is the AD’s core axiom which states that FRs should be in-
ependent of each other. Ho w ever, FRs’ independence, does not
l ways impl y physical independence; thus, the two should not be
onfused with each other (Green et al., 2022 ). 

As mentioned pr e viousl y, because AD can offer a theoretical
oundation, the mapping process can be described mathemati- 
ally. For example, the domain vectors {FR} and {DP} can be related
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Figure 1: Ov ervie w of the pr oposed decision fr ame work. A r eal system r efers to a case study. Input, output, and information flows are indicated 
accordingly. 
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y the design matrix, [ A ]. This is shown in Equation ( 1 ) as 

{ F R } = [ A ] { DP } . (1) 

The design matrix, [ A ] should either be a diagonal or a trian-
ular matrix to r efr ain fr om violating AD-1. Examples of diagonal
nd triangular matrices are shown below: [ 

F R 1 
F R 2 

] 

= 

[ 

A 11 0 
0 A 22 

] [ 

DP1 
DP2 

] 

(2) 

[ 

F R 1 
F R 2 

] 

= 

[ 

A 11 A 21 

0 A 22 

] [ 

DP1 
DP2 

] 

. (3) 

The diagonal matrix is called uncoupled, as shown in Equa-
ion ( 2 ), whereas the design matrix presented in Equation ( 3 ), an
pper triangular matrix (or a lo w er triangular matrix), is called a
ecoupled design matrix. 

Similarly, in terms of design matrices, these relationships be-
ween {DP} and {PV} should also be maintained. The design ma-
rices are not expressed numerically in the described equations.
t the early conceptual design stage, numerical values in the de-
ign matrices need not explain the extent of independence be-
ause knowing they are independent is sufficient (Farid & Suh, 
016 ). 

Re-angularity and semi-angularity have been reported to nu-
ericall y expr ess the design matrix that could have been em-

lo y ed when a sufficient set of data is available in advance (Sozo
 Forcellini, 2003 ). Furthermore, there are instances in which
D-1 could not provide a final solution among alternative de-
igns by a ppl ying r e-angularity and semi-angularity; as a r esult,
D-2 was applied to obtain the desired outcome (Delaš et al.,
018 ). 

The FRs and DPs (as well as PVs) must be decomposed into
 hier arc hical r elation between the domains until we attain a
omplete compr ehensiv e design. Ther efor e, this m ust or ganize
arge systems or assembly components . T his process is called the
igzagging decomposition approach, which leads a designer to



Journal of Computational Design and Engineering, 2023, 10(3), 1126–1142 | 1129 

Table 1: Summary of studies that utilized AD for AM in terms of opportunistic and r estrictiv e DfAM, v erification of AD-1 via VR, and 

inclusion of human aspects of design. 

AD works in DfAM Opportunistic Restricti v e 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 o o o o 
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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 le v el and then r e v ersed to the lo w er le v el of
the left domain (Lee & Suh, 2006 ). The mapping will be discussed 

in detail in Section 3. 
Furthermor e, se v er al 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 quantitativ el y define the best design that satisfies AD- 
1 in terms of information content I total given by Equation ( 4 ) 
(Chekurov et al., 2019 ; Chen et al., 2015 ). The selected design should 

have the minimum I total implying that, compared with other al- 
ternatives, it does not require much information to construct the 
given design. I total is measured in terms of the probability of suc- 
cess p i ; hence it has a negative sign: 

I total = − log 2 

n = k ∏ 

i = 1 
p i (4) 

where I total = [ 0 , + ∞ ) . 

2.3. Applications of AD in AM and DfAM 

The applications of AD were comprehensively described in lit- 
er atur e r e vie ws published between 1990 and 2009 (K ulak et al. ,
2010 ) as well as 2013 and 2018 (Heikkilä, 2020 ). The first men- 
tion of AM in AD was in terms of r a pid pr ototyping (Suh, 2001 ).
Furthermor e, an iter ativ e impr ov ement of the test part featur es 
designed to e v aluate 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 de v eloping DfAM str ategies. He used a br ac ket to v alidate the 
fr ame w ork b y setting high-le v el FRs , DPs , and PVs . Another work 
b y Agraw al ( 2022 ) identified the most critical 26 DfAM and de- 
sign for environment guidelines as FRs to be applied in AD, rely- 
ing on both liter atur e surv e ys and experts’ opinions. In ad dition,
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) 
featur es. AD was also a pplied 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 
 estrictiv e facets of DfAM, such as minimum wall thickness and
aximum size of parts. Another study sho w ed that the applica-

ion of AD in AM resulted in an optimized design of molds or tools
hat could be utilized for conventional manufacturing processes 
Boca et al., 2021 ). Allowing for quicker production with a high de-
ree of flexibility in design, the study found that their method of-
ers pr e v alence in pr oduction cost and time. A study conducted by
enjith et al. ( 2020 ) integrated AD and TRIZ to form a DfAM frame-
ork. Even though the authors do not involve AD-2, an original

ink-pin assembly was redesigned to improve dependability and 

educe weight. 
Ne v ertheless, while some authors have utilized opportunistic 

nd/or r estrictiv e DfAM, ther e is a scarcity of e vidence demon-
trating that the use of AD-1 within DfAM fr ame works to create
 design matrix through VR and to numerically capture human
spects related to the interaction between human subjects and 

esign artifacts as shown in Table 1 . In particular, the studies by
aier and Fadel ( 2009 ) and Green et al. ( 2022 ) have reported that,
 part fr om subjectiv e opinions gather ed during the initial sta ges
f design, the human aspects of design, such as the thought pro-
esses of individuals, interactions during the design phase, en- 
agement with objects, and other k e y design elements, are not
a ptur ed in AD. In this study, human aspects of design primarily
efer to the interaction of human subjects with design artifacts. 

Furthermor e, in an assembl y that will be 3D printed using PC
 ppr oac hes, one can hav e m ultiple alternativ e v ariants owing to
he possibility of functional integration of assembly components 
nd enhanced performance (Nie et al., 2020 ). T hus , filtering the
est design among these combinations by considering constraints 
f the functional domain and an inclusion of human aspects of
esign in AD within DfAM fr ame works has not yet been investi-
ated. 

To address the aforementioned issues, a new assembly-level 
esign fr ame w ork inv olving DfAM-specific constraints and hu-
an aspects based on AD was pr oposed. Furthermor e, the fr ame-
ork enables the production of assembly parts through a compat-

ble AM pr ocess, suc h as metal L-PBF. Additionall y, not all pr acti-
ioners demonstrate AD-2 in DfAM, even though it is critical when

an y alternativ e designs ar e av ailable. Finall y, an in-house gr a ph-
cal user interface (GUI) is introduced to enhance the practicality
f the proposed framework. 

. Novel DfAM Decision Framework Based 

n AD 

n this section, we explain how the AD-adopted DfAM deci-
ion fr ame w ork w as de v eloped with a focus on the inclusion
f human assembly processes . T he previous lack of hu-
an aspects of design in AD-based DfAM fr ame works will

e addressed by offering experimental design factors and 



1130 | VR-based decision fr amew ork for Additi v e Man ufacturing 

Figure 2: Enhancement of assembly and AM productivities via human involvement mapped to non-FRs. PVs are not shown here as process 
par ameters ar e assumed to be fixed. 
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ata-driv en distributions. Befor e that, domain-specific definitions
re 
larified. 

In pr actice, man y stakeholders pr ovide design r equir ements
n product design phases. One such requirement is from the
erspective of the end-users, wherein FRs are considered as
he primary factor, while the second r equir ement is fr om the
erspective of the assembly or manufacturing process, which
onv eys information thr ough so-called nFRs (Thompson, 2013 ).
hompson was the first to mention nFRs, emphasizing that they
hould be explicitly identified to comply with a manufacturing
oint of view. In this regard, our new approach constitutes the
xtraction of nFRs instead of FRs; ho w e v er, mathematicall y, FRs
nd nFRs serve a similar role in both axioms . Furthermore , they
an be regarded within the same functional or r equir ement do-
ain, as reported by (Mabrok et al., 2015 ). Characterizing k e y CNs

uring the design process ensures that no significant components
f the problem are overlooked. Herein, CNs are referred to as
anufacturing process needs (MNs), as mentioned by Oh and Be-

dad ( 2017 ). Ne v ertheless , for the selection of assemblies , we as-
ume that FRs ar e alr eady satisfied; hence the main emphasis is
n nFRs. 

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

n this study, nFRs were extracted from MNs to enhance assembly
nd AM productivity separ atel y, unlike in Oh and Behdad’s work.
he number of parts and fasteners, handling, and insertion issues
r e consider ed in terms of DfA to e v aluate assembl y complexity
Boothroyd & Alting, 1992 ). Furthermore, there are both manual
nd automatic assembly types (Mattsson, 2013 ). This study fo-
uses on manual assembly to both enhance assembly productiv-
ty in lo w-v olume manufacturing and to demonstrate the human
spect of assembly designs. 

In the first stage of the pr oposed a ppr oac h, as shown in Fig. 2 , to
mpr ov e DfA pr oductivity, assembl y time (nFR1) and assembl y dis-
lacement error (nFR2) should be verified for their independence.
dditionally, the support volume (nFR3) of different assembly de-
igns of a real case study under DfAM constraints is considered
o enhance AM productivity. After the identification of nFRs, DPs
re also obtained, as demonstrated in the coming sections. Next,
he motivation behind providing the abovementioned nFRs is ex-
lained in brief. 

nFR1 – assembly time: It is a critical factor in suppl y c hain that
overns a major portion of the manufacturing costs. Reducing 
ssembly time of a product by 50%–75% via the implementation
f the DfA rules results in a financial gain for industry sectors
Boothroyd & Marinescu, 2008 ). 

nFR2 – assembly displacement error: It is a crucial metric for
 v aluating differ ent combinations of PC assemblies. In this study,
his is used 

(i) to assess the design complexity qualitativ el y; 
(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
f the parts in the assembly must be properly managed. Owing
o the large projected area, the support volume increases as the
umber of parts consolidated increases (Nie et al., 2020 ). This sub-
equentl y r enders the r emov al of the support parts e v en mor e dif-
cult (Auyeskhan et al., 2021 ). 

To r eiter ate, nFR1 and nFR2 dir ectl y pertain to the human as-
ect of assembly designs because, in DfA, humans are extensively

nvolved within manual assembly (see Fig. 2 ). 
Ho w e v er, it should be demonstrated that nFRs are in the same

ighest le v el hier arc hy befor e determining their DRs . T his issue
s associated with the construction and verification of the design

atrix, whic h is primaril y ov erlooked. For example , one ma y re-
ard that as nFR1 incr eases, nFR2 r educes, impl ying that they are
ependent and m utuall y inclusiv e. Ho w e v er, this may not neces-
arily be true. To avoid this, an experiment comprising four dif-
erent 2D tables was performed to validate independencies in the
rst place . T he details ar e pr esented 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 r 12 r 1k 

nFR2 1 r 2k 

…
nFRj r jk 
…
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DfAM-specific constr aints m ust be clarified within the decision 

fr ame work. 

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. Ho w e v er, constr aints, unlike nFRs, are not expected to be 
independent; thus, it is not necessary to pr ov e their mutual inde- 
pendence (Weber et al., 2015 ). 

Herein, the primary constraint is k ee ping the build time and 

build cost of the assemblies constant, as our focus is to address 
human aspects among the assembly alternatives . T he assump- 
tion is valid because as the number of consolidated parts in- 
creases, the support volume also increases, increasing the cost of 
assembl y, as mentioned pr e viousl y by Nie et al. ( 2020 ). Ho w e v er, if
ther e ar e man y unconsolidated parts, the cost associated with as- 
sembly time will be substantially higher, particularly in the metal 
L-PBF system. Ther efor e, based on the two mentioned scenarios,
the outcome of build time and cost are assumed to be identical.
Mor eov er, these constr aints ar e dir ectl y 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 structur es. Furthermor e, post-pr ocessing m ust 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; ne v ertheless, in this study, we assume that 
they are considerably lo w er 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 
wer e not consider ed as they do not r esult in an y assembl y dis- 
placement errors to demonstrate the assembler’s interaction with 

a specific design. 

3.3. Verification of independence between 

assembly time and assembly displacement 
error 

3.3.1. Correlation matrix 

As pr e viousl y stated, befor e constructing the design matrix, it is 
r equir ed to verify that a pair of nFRs are orthogonal. This can be 
pr ov en 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 r epr e- 
sented as in Equation ( 5 ). T hus , 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. 

Corr ( nF R j, nF Rk ) = 

∑ N 
i 

(
nF R j i − μnFR j 

)
( nF Rk i − μnFRk ) √ ∑ N 

i (nF R j i − μnFR j ) 
2 
√ ∑ N 

i (nF Rk i − μnFRk ) 
2 

= r jk (5) 

here −1 ≤ r ≤ 1 ; 
r jk − correlation coefficient 
μ− mean of r espectiv e nFRs; and 

i − element of nFRs. 

.3.2. Decomposition of nFRs-DP 

he next step is to identify the associated DPs. Here, the zigzagging
ethod can be used to map between nFRs and DPs (Suh, 2001 ),

s shown in Fig. 3 . Corresponding DPs are assembly alternatives
DP1), the number of edges and connectors (DP2), and build ori-
ntation (DP3). DP1 and DP2 can be further decomposed. Each DP
s described in detail in Section 4.4. In the case of PVs, as pro-
ess parameters are primarily fixed in industrial 3D printers, it is
 valid assumption that all DPs could be obtained using already
ptimized pr ocess par ameters with r espectiv e pr e- and post-
rocessing of a build print. T hus , it is assumed that the design
atrix obtained from the DP–PV relationship also follows AD-1. 

.4. Data acquisition to select the superior 
design 

ne of the insights of this work is the acquisition of data from
igital pr ototypes. Specificall y, the assembl y time and assembl y
isplacement error (human assembly data) were gathered from 

 VR simulation and support volume (manufacturing) data from 

hir d-party softw are. 
Primarily, digital twins have been utilized for various tasks 

n the liter atur e, including optimization, security impr ov ement,
onitoring, predicting, user training, and enhancing a physical 

rototype or a process (Liu et al., 2022 ; Segovia & Garcia-Alfaro,
022 ). Thr ough VR tec hnology, it is possible to interact between
 virtual and real environment. For instance, data can be gath-
r ed fr om digital twins using VR’s controllers, as shown in Fig. 4 d,
n a real-time setting. After confirmation of design matrix satis-
action by AD-1, one can proceed to populate digital twin data,
hich contain human aspects of design via VR experimentations 
nd pr e-pr ocessed 3D printing assembl y design. These data ar e
sed in the decision fr ame work to e v aluate the best design. 

.4.1. Assembly time (nFR1) 
o determine the assembly time in a VR scene, the starting time
nd submission time of each assembly were recorded (Fig. 4 e).
n addition, VR technology was used to create a simulated as-
embl y envir onment closel y r esembling r eal-world conditions.
uman subjects were able to accomplish the assembly tasks in a
atur al and intuitiv e manner as a r esult of the utterl y immersiv e
ssembling experience . T hus , VR allows us to collect information
n human subjects’ movements and interactions with design arti- 
acts which can help to quantify assembly time and displacement
rror in assembly procedures. 

.4.2. Assembly displacement error (nFR2) 
he assembly displacement error, sometimes referred to as an er- 
 or, r epr esents the de viation of the assembled part from its refer-
nce position. It is calculated by summing the distances between 

he r efer ence and actual locations of the parts . T he error is cal-
ulated using an assembl y gr a ph depicted in Fig. 4 a–c. The unity
odule, whic h is easil y r eusable, is pr ovided to facilitate this cal-

ulation. A brief explanation follows. 
The gr a ph’s edges ca ptur e the distance between actual and ref-

r ence assembl y components, and it is summed to give the error
f 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. 

Figure 4: (a) Assembly graph example for re presentati ve components, (b) re presentati ve components with edges and connectors, (c) general 
r epr esentation of the edges in 3D, (d) human subject with VR controller, and (e) assembly time and error recording as soon as connectors are joined. 
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(ii) Each component has a few connectors. These are the
points where components fit together. They resemble weld-
ing points. 

(iii) Edges ca ptur e the r elationship betw een tw o connectors.
Initially they contain the distances in meter �x , �y , and
�z . 

(iv) Assembl y displacement err or is 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-
r ors, wher e L2-norm would place more weight on larger er-
rors. 

Error = 

∣∣∣∣
∣∣∣∣
√ 

�x 2 + �y 2 + �z 2 
∣∣∣∣
∣∣∣∣
1 

(6) 

.4.3. Support volume (nFR3) 
fAM-specific constraints explained in Section 3.2 should be con-
ider ed to extr act support volume data. The data can be obtained
 y commer cial pr e-pr ocessing softwar e suc h as Ma gics Materi-
lise , for example . 

To utilize obtained aforementioned nFRs data in information
xiom, data processing needs then be carried out in terms of an
 ppr opriate distribution illustrated in Section S1 in the Supple-
entary file. In addition, DRs are used to define the allo w able

ariations in the design without compromising the nFRs (Oh &
ehdad, 2017 ). T hus , DRs are decided based on the nFRs subjec-
iv el y because they demonstrate ho w w ell the design meets the
argets while maintaining its independence. 

This section shows how data acquired from digital prototypes
ere used to compare designs. Both third-party software for the

upport volume and VR to ca ptur e human assembl y data wer e
nvolved. Next, the details of the experimentations will be cov er ed.

. Experiment 

.1. Design of experiments 

t is worth r eiter ating that using VR enables the e v aluation of
he human aspect of design b y allo wing for interaction with the
esign beforehand. VR scenes were programmed in such a way
hat they allow extraction of the activities of human subjects and
ecord the corresponding data (nFR1 and nFR2) in real-time . T he
rocess was initiated using simple assemblies from the 2D table
nd subsequentl y pr ogr essed to utilizing actual assembl y parts
see Fig. 5 ). 

.2. Description of assembly operations 

uman subjects were expected to assemble the components at
he designated areas of each part. They received audio and visual
eedback when they finished the task correctly . Initially , human
ubjects completed a tutorial to familiarize themselves with VR,
he process, and the objectives . T hen, 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 r epr esents 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) Illustration of how a human subject experiments with assembly parts, (b) 2D table scene, and (c) Hook assembly scene. 
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tasks were conducted several times to facilitate and e v aluate 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 a ppr oac h. The subjects are all male, with ages ranging 
from 18 to 29 years . T he participants have little to no prior expe- 
rience with VR. Throughout the 10 days of the experiment (two 
gr oups of fiv e participants eac h performing acr oss 2 weeks × 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 

w ere w ell compensated for the experiments. In the beginning, all 
articipants passed the tutorial scene and proceeded to the stage
ith 2D tables . T her e ar e four assemblies differing in the number
f components , connectors , and edges . Eac h assembl y was tested
hrice on the first day, and then it was increased by one each day.
he primary reason for the observed efficiency in assembly time

s due to Wright learning, in which human subjects start to learn
o assemble faster (Wright, 1936 ). This learning process provides

or e assembl y trials within 5 da ys . Similarly, in the second scene ,
he case study of the lifeboat hook was tested, and it followed the
ame pr ocedur e as the scene with the 2D tables. 

As mentioned pr e viousl y, the 2D tables ar e used to e v aluate
he orthogonality of nFR1 and nFR2, which pertain to enhanc-
ng DfA pr oductivity. Differ ent numbers of components, connec-
ors, and edges are used to establish this independence. For ex-
mple, as shown in Fig. 7 and Table 3 , the pairs of (T1, T3) and
T2, T4) ar e structur all y and functionall y the same but hav e
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Figure 7: 2D tables with different numbers of components. Shared gray and red parts represent the upper side of all 2D tables . T he 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. 
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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 
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ifferent numbers of components . T hey were intentionally de-
igned to observe the dependence between nFR1 and nFR2. Addi-
ionally, these 2D tables and respective numbers of components
r e c hosen to test r epeatability and to ensur e ease in assembling
or the participants . T he 2D tables are expected to be assembled
n the desk to avoid errors in 3D as if the parts are assembled
sing jigs and/or holders. 

.4. Verification of independence among nFRs 

D a ppr oac h consists of se v er al steps to ensure that all MNs are
et systematically, as it was pointed out in Section 3.1. The initial

tep in this study was to obtain a clear understanding of the MNs,
ith a particular emphasis on improving DfA and DfAM produc-

ivities to establish a desired design matrix. Once MNs are deter-
ined, the next step is to map them into the functional domain

o identify nFRs . T hese nFRs are then decomposed into lo w er le v el
FRs until the lo w est le v el of detail is r eac hed. After anal yzing
 B  
FRs , DPs , whic h ar e the design v ariables that can be adjusted to
c hie v e the desired nFRs, are identified. 

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

nFRs \ DPs 
Number of 

parts 
Number of 
interfaces 

DP11 DP12 

Less parts handling time (s) nFR11 X 0 
Less parts inserting time (s) nFR12 X X 

Table 5: Decomposed nFR2. 

nFRs \ DPs 
Morning or 
afternoon 

Number of 
people ex- 
perimented 

DP21 DP22 

Acceptable fatigue le v el nFR21 X 0 
Acceptable DFA complexity nFR22 X X 
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direct independence among either FRs or nFRs. In the case of nFR2,
it can be further divided into human fatigue le v el (nFR21) and 

DfA complexity (nFR22) as well as r espectiv e DPs suc h 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 lo w est le v el of detail 
for nFR2. 

After a series 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. T hus , this de- 
sign matrix will facilitate the consideration of any assemblies for 
AM, as shown in Table 7 . Note that the other k e y issues which 

should be concerned in enhancing AM pr oductivity, suc h as nest- 
ing/pac king, pr e- and post-pr ocessing as well as material pr epar a- 
tion, ar e alr eady 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 e v ery 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. 

A = 

⎡ 

⎢ ⎣ 

A 11 A 21 A 31 

A 12 A 22 A 32 

A 13 A 23 A 33 

⎤ 

⎥ ⎦ 

= 

⎡ 

⎢ ⎣ 

X 0 0 
X X 0 
X X X 

⎤ 

⎥ ⎦ 

(7) 

5. Case Study – Lifeboat Hook Assembly 

The proposed decision framework is illustrated by involv- 
ing the Hyundai lifeboat hook assembl y fr om the pr e vious 
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Table 7: Design matrix to enhance DfA and DfAM productivities. 

nFRs \ DPs Assembl y alterna ti v es 
Number of edges and 

connectors Build orientation 

DP1 DP2 DP3 

Less assembly time (s) nFR1 A11 A21 A31 
Assembly displacement accuracy error (mm) nFR2 A12 A22 A32 
Support volume range (cm 

3 ) nFR3 A13 A23 A33 

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 alternati v es # of components # of connectors # of edges 

Unconsolidated 3 16 8 
Half-consolidated 2 10 5 
Consolidated 1 0 0 
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tudy, along with differ ent v ersions of the PC-ed assemblies
A uyeskhan et al. , 2021 ). The hook assembly is an excel-
ent example for demonstrating PC owing to its numerous
arts. 

Combinatoricall y, without an y constr aint, 30 hook assembl y
esigns can be determined owing to the layout of the parts. For
he details of how these assembl y v ariants wer e obtained, r ead-
rs can refer to Section S3 in the Supplementary file. Ne v er-
heless, as it is impractical to include all of them, some con-
traints should be set. In the proposed approach, the DfAM-
pecific constraint is to maintain the build time and costs of
ll hook assembly alternatives the same. To do that, one must
rient all the parts (excluding the auxiliary and miscellaneous
omponents such as fasteners , nuts , and co vers) to ha ve a min-
mum support v olume. Ho w ever, the support v olume of each de-
ign varies among assembly designs owing to the number of con-
olidated parts; hence it can be used within the intended design
atrix. 
After a ppl ying the constr aints, onl y thr ee assemblies ar e se-

ected to demonstrate the importance of human aspects in the
esign, as shown in Fig. 8 . These three assemblies vary in terms of
he primary plates that constitute a substantial portion of support
olume (Fig. 8 a–c). The other parts are the same in all assemblies;
hus, onl y these lar ge plates will be used to e v aluate nFRs. Table 8
hows brief information on the assemblies, such as the number
f parts , connectors , and edges . Furthermore , Fig. 8 d shows edges
uring the assembly process, while Fig. 8 e shows the exaggerated
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Figure 9: Re presentati ve fitted data of nFR1 and nFR2 with means ( μ) and standard deviations ( σ ) of half-consolidated hook designs [(a) and (c)] and 
unconsolidated hook designs [(b) and (d)]. 

Table 9: DRs of hook assembly. 

DRs Less Moder a te More 

nFR1 (s) 20 55.561 75 
nFR2 (mm) 2 13.33 24 
nFR3 (mm 

3 ) 10 000–23 000 10 000–33 000 10 000–43 000 
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For nFR1 and nFR2, a true scale of the hook parts in VR is em- 
plo y ed. Ne v ertheless, nFR3 possesses v alues of do wnscaled (b y 
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 pr esented assembl y designs is not included. Yet,
the printability pr ocedur e of the consolidated hook assembly has 
been cov er ed in Section S4 of the Supplementary file. 

To re-emphasize, instead of CNs, MNs ar e consider ed because 
the original design and consolidated variations of hook assem- 
bl y ar e alr eady functionall y v alid. A r eader can r efer to a solv ed
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 
stud y gi v en that its v alues might r eac h negativ e infinity. The 
most a ppr opriate distributions wer e selected and fitted for each 

system range of nFRs. For example, the system range of nFR1 
can be inter pr eted as a gamma distribution as shown in Fig. 9 a 
and b. 

Normal distributions would not r epr esent a real scenario as 
nFR1 > 0 and nFR2 > 0 because its random variables are the wait 
t
ime until the n th assembly was assembled. Whereas lognormal 
istribution is ideal for nFR2 that cannot take negative values es-
ecially when a dataset is skewed to the right, hence it was cho-
en to be the best fitting distribution as it is seen from Fig. 9 c
nd d. 

Ne v ertheless, in terms of the means, for unconsolidated hook
ssembly, it took 73.0% more time to assemble (more nFR1), while
he half-consolidated design has less 82.6% assembly displace- 

ent error (nFR2) than that of the unconsolidated one . T his re-
eals the significance of PC in reducing the assembly time and
ssembly displacement error pertaining to the human aspect of 
esign. Ho w e v er, it should be noted that to choose the best assem-
ly design, in further steps the support volume (nFR3) will be also
aken into account, which is compensated by the number of parts
onsolidated. 

Furthermore, Table S6-1 contains the fitting parameters such 

s shape, location, scale, and mode of nFR1 and nFR2 for r efer ence.
he goodness of fit of the gamma and lognormal distributions
an be confirmed using the K olmogoro v–Smirno v test (kstest). T he
stest sho w ed the data fit the distributions sufficiently (i.e., P -
alues > 0.05), as in Table S6-2. 

Once the data processing is complete, a designer can select
Rs that satisfy the desired nFRs (Suh, 2014 ). These DRs play a
rucial role as they indicate the design’s ability to accommodate 
ariations in tolerance . T he characteristic of AD theory, weight-
ng factors are not needed as the tuning of the DRs already
hows which nFR is more crucial (Suh, 1998 ). In this regard,
he DRs are chosen in three distinct levels—less , moderate , and

or e. Eac h le v el expr esses the importance of the specific nFR,
nd the selection of the le v els facilitates the matching of the
apabilities of a machine shop to manufacture a particular as-
embly design. For example, if a customer wants their prod-
ct to be assembled quic kl y, he c hooses nFR1 as less and looks

or machine shops that could satisfy the customer’s need on
ime. 
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Table 10: System ranges of nFR3 identified using Magics v24.1. 

nFR3_uniform Unconsol Half-consol Consol 

System ranges (mm 

3 ) 11 114.568–16 755.150 19 932.250–48 762.273 31 741.781–43 171.249 

Figur e 10: T he support types of (a) unconsolidated, (b) half-consolidated, and (c) consolidated assemblies ar e default bloc k, lines and point supports 
gener ated automaticall y. 

Figure 11: A ca ptur e of the in-house GUI to find the best assembly design based on AD-2. In this case, it is a consolidated type. 
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Table 9 shows the DRs of nFRs along with the correspond-
ng le v els . T hey ar e c hosen based on the conducted experi-

ents (i.e., nFR1 and nFR2) and c har acteristics of hook types (i.e.,
FR3). 

Ther efor e, her ein, moder ate DRs are set to be the means of the
odes of gamma and lognormal distributions, for nFR1 and nFR2,

 espectiv el y. The modes are used because they are defined as the
 alues a ppearing most fr equentl y in a dataset. T hus , moderate
R of nFR1 is 0–55.561 s while that of nFR2 is 0–13.33 mm. DRs
f less and more are set to demonstrate quantification at lo w er
nd larger values, respectively, which can also be tuned by a user
ased on the experimental results. 
Further, the system ranges of nFR1 and nFR2 can be found
xperimentally, but in the case of nFR3, the system ranges
or each assembly are set to be between the minimum and

axim um v alues of the support volume identified by Magics
.24.1, as shown in Table 10 . nFR3 can be regarded to be 
niformly distributed because the continuous uniform distribu-
ion exhibits the same probability of an outcome over a DR. The
Rs of nFR3 were selected according to the values of assembly

ypes. Figure 10 shows the support structures of three hook as-
emblies. 

Calculating information content across the different DRs for
arious assemblies is a re petiti ve 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 r epr esentativ e case of computed I total . Note that p nFR 1 
and p nFR 2 stay constant in consolidated hook type as it does not 
involve assembling. 

Unconsol Half-consol Consol 

p nFR 1 0 .0078 0.0409 1 
p nFR 2 0 .15 0.6257 1 
p nFR 3 1 .0 0.8001 0 .985 

I total 9 .7312 5.6104 0 .0218 
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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 
desir ed le v el of DRs can be selected. Ther efor e, 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 e v ery 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 
ig. 12 a, given the selected DRs. Additionally, Fig. 12 b and c display
he probability densities of half-consolidated and unconsolidated 

ook assemblies, r espectiv el y. Mor eov er, if one wants to utilize the
r ame work for any other assemblies, one of the nFRs can be dis-
bled. For example, for assemblies that r equir e bolts , nuts , and
iveting, nFR2 can be switched off, and the evaluation can be pro-
eeded based on nFR1 and nFR3. 

As can be observed, a new AD-based assembly-level DfAM 

r ame w ork enabled b y VR led us to extract the human aspect of
esign, which has been presented for the first time to the best of
he authors’ knowledge . T he a pplicability and v ersatility of both
D and VR ensure that human aspects can be numerically ex-
ressed, thus eliminating subjectivity in decision-making to a cer- 
ain extent. 

. Conclusions and Future Works 

his study presents a unique AM design decision fr ame work in-
or por ating DfA, DfAM, and AD theory to extract the most desir-
ble assembly design in terms of probability density. The detailed
 orkflo w to impr ov e assembl y and AM pr oductivities utilizing AD

nvolv es hitherto mostl y disr egarded human aspects of design at
he early design stage. By assisting an assembly line worker with a
R envir onment in adv ance, nFRs can be quantified based on the

nteraction of human subjects with assembly design alternatives.
he contribution of our proposed study is manifold and can be

isted 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 w orkflo w via a newly developed

GUI. 

As was shown, PC can pr oduce se v er al differ ent assembl y
ypes. Our study can assist in determining the ideal assem-
ly design to be printed using, e .g., L-PBF printers . Ho w e v er,
he authors do not consider various build orientations; hence,
he parts’ costs are assumed to be constant. In future work,
ost constraints can be lifted to involve multiple build orienta-
ions rather than just minimizing nFR3. Furthermore, the DRs
hen a ppl ying AD-2 m ust be experimentall y identified, whic h
ight r equir e extensiv e r esour ces. Ho w e v er, once extr acted, DRs
ill be applicable for multiple assembly designs at the detailed
esign sta ge. Mor eov er, this study shows that including hu-
an assembl y pr ocesses in an AD-based AM decision fr ame-
ork can be potentially used before 3D printing any assembly
esigns. 
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