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ABSTRACT

ARTICLE INFO

Engineer-to-Order (ETO) manufacturing companies involve customised pro-
duction products based on specific customer requirements, and face a signifi-
cant challenge. Some of those challenges are related with this type of com-
pany’s activities in production scheduling, planning and control, efficiency im-
provement and lead time reduction. The present study was conducted with a
systematic literature review and a survey from ETO firms to identify the most
frequent and critical problems. Among the most critical issues identified is the
difficulty in optimising production performance (P3), with a GCI value of 16,
implying that both time and cost share the same critical level. An analysis using
a proposed Criticality Matrix was then performed enabling companies to pri-
oritise decision-making and resource allocation. The results highlight the im-
portance of adopting mass customisation strategies, innovative approaches
and workflow optimisation. Continuous monitoring and analysis of criticality
levels can also help ETO companies identify emerging issues and improve in-
formed decisions. Effective communication and collaboration among stake-
holders were also identified as vital. Future research could be done expanding
further the study sample and developing decision-support tools for ETO man-
ufacturing companies. This study contributes to the field by providing a new
criticality matrix for ETO companies to understand better and address their
production challenges, aiding in decision-making and resource allocation.
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1. Introduction

1.1 Background

Engineering-to-Order (ETO) companies typically manufacture highly complex and customised
products with significant engineering components that provide high value. As highlighted by Jiang
and Xi, these companies utilise an ETO strategy particularly when complex structures are required
to be built [1]. In general, and particularly in European Union, such companies are small or me-
dium-sized and play essential roles in specific sectors and regions, primarily operating in interna-
tional markets. ETO companies' economic development and competitiveness are crucial for their
success, as they supply various industrial sectors, such as the automotive, aeronautical, and phar-
maceutical/medical device industries. Their business model is centred around their ability to
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design, develop and manufacture products to order, delivering value to their clients [2]. One ex-
ample of a sector where ETO companies are common is the mould manufacturing industry, espe-
cially tools and plastics. ETO companies face many challenges in production planning and shop
floor management as product and process diversity and complexity increase system variability.
These highly competitive sectors require the efficient execution of numerous activities to meet
customer expectations.

Therefore, shop floor planning and operational decision-making effectiveness are essential for
these companies. In addition, they must fulfil increasingly shorter delivery times defined by the
market or clients, who also demand quality and lower costs. ETO companies often must also deal
with a workflow that requires the quick generation of product designs, detailed bill of material
and manufacturing work instructions for each order, to meet tailored customer specifications.

1.2 Scope and outline

In the context of Engineer-to-Order (ETO), companies encounter diverse tasks, high-level custom-
isation of products, and an unpredictable market. These elements call for insightful planning and
decision-making, seamlessly integrated with essential operations such as tendering and procure-
ment, to enhance performance across their value chain. Consequently, the impetus for this inves-
tigation is threefold: (a) to assist ETO companies in honing their efficiency and effectiveness in
operations, augmenting their impact and importance in a specific industrial domain and the
broader economy; (b) to introduce novel strategies, methodologies, procedures, or resources to
ETO companies to boost their market competitiveness; and (c) to lessen the innate challenges
associated with ETO operations, particularly by enhancing their capacity to manage the volatility
and intricacy within their entire value chain. A SLR was conducted to identify the main challenges
and issues related to ETO companies and the methods and approaches presented in the scientific
literature to resolve or mitigate these issues in the value chain of this type of company. The search
for scientific literature on the topic aimed to gain knowledge about various viewpoints and holis-
tically interpret the study's theories and models. Additionally, ETO companies, were surveyed to
identify the most frequent and critical problems, with a subsequent criticality analysis using a
developed criticality matrix for problems in ETO companies, offering valuable insights into indus-
try perspectives and potential avenues for improvement. This paper is structured as follows: Sec-
tion 1 presents an overview of the study's background and motivation.

2. Materials and methods
2.1 Research methodology

An SLR was developed to identify ETO companies’ difficulties and the technical and scientific so-
lutions proposed to address them, followed by a survey of ETO companies to assess the criticality
of the identified problems in those organisations.

Unlike narrative reviews, the SLR aim to answer a specific research question through a planned
and structured approach to identifying, selecting, and critically appraising relevant studies [3]. By
analysing and synthesising different authors findings, a comprehensive understanding of the ex-
isting body of work is gained, gaps to explore are identified, and conclusions are drawn on what
is known and not known [4]. The review followed the PRISMA [5] guidance approach, with specific
eligible criteria that included: papers discussing ETO problems, process planning, manufacturing
related articles, production planning and control, and articles published in English. Articles that
did not meet these criteria were excluded. The relevant studies were identified by searching dig-
ital databases, such as Web of Science and Scopus, as shown in Table 1. Articles published between
January 2017 and April 2022 were the ones in this study considered, using search terms such as
"engineer* to order" AND "variab*" OR "uncertaint*" OR "complex*" AND "produc* control” OR
"plan*" OR "schedul*" OR "produc* process" OR "workflow*" OR "shop-floor*" OR "digital*" OR
"problem*" OR "issue*" OR "constraint*" OR "inefficient*" NOT "ship*" OR "building*".
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Table 1 Databases used for the search

Database Search Terms

Web of Science TS = ("engineer* to order") AND TS = (variab* OR uncertaint* OR complex*) AND TS =
("produc* control” OR plan* OR schedul* OR "produc* process" OR workflow* OR "shop-
floor*" OR digital* OR problem* OR issue* OR constraint* OR inefficient*) NOT TS = (ship* OR
building*)

Scopus TITLE-ABS-KEY("engineer* to order") AND TITLE-ABS-KEY(variab* OR uncertaint* OR com-
plex*) AND TITLE-ABS-KEY("produc* control” OR plan* OR schedul* OR "produc* process" OR
workflow* OR "shop-floor*" OR digital* OR problem* OR issue* OR constraint* OR inefficient*)
AND NOT(ship* OR building*) AND (LIMIT-TO(DOCTYPE,"ar") OR LIMIT-TO(DOCTYPE,"cp"))
AND (LIMIT-TO(LANGUAGE,"English"))

The study search yielded 83 WoS publications and 57 Scopus publications in a total of 140
potentially relevant publications, from which 32 were duplicated as shown in Fig. 1. From the
initial 108 publications analysed for inclusion, 62 articles did not meet the selection criteria due
to their publication dates falling outside of the 2017-2022 range, thus leading to their exclusion.
This process yielded 46 potentially most relevant references to undergo a comprehensive in-
depth analysis, out of which only 18 were deemed pertinent. Further to this rigorous analysis, six
articles were identified and subsequently included in the study. Fig. 1 shows the flow of citations
through the systematic review process.

The final sample size of 24 papers can be considered a robust number for this analysis, as sim-
ilar sample sizes have been used in other studies such as 19 papers in nursing studies [6], 23 pa-
pers in learning management [7], and 23 papers in project management studies [8]. In the follow-
ing section, the results of the in-depth content analysis of the identified articles are synthesised,
focusing on the general framework and competitive environment in which ETO operates and, in
the challenges and issues faced by this type of company, including its principal characteristics and
organisation.

In addition to the SLR, a survey was also conducted among ETO companies to better under-
stand the frequency and the criticality of the identified problems. This survey aimed to check the
findings of the SLR and provide any new real-world perspectives on the challenges encountered
in ETO environments. The collected data were analysed using a proposed criticality matrix to as-
sess the identified problems potentially severe impact and prioritise potential solutions. This ap-
proach allowed for a more comprehensive understanding of all the identified problems and issues
faced by ETO companies, providing an informed potential action.

[I:Ientiﬁcationl I Re;ords indentified from: j ] I Additional records identified trhoh
Web of Science(n=38) | Scopus (n=57) other sources (n=6)
| Records (n=140) }——=| Duplicate records removed (n=32) |
Screening ']
( Records (n=108) | Excluded outside 2017-2022 (n=62) |

| Etigibility | | Records assessed dor sligibility (7=6) }—{  Records excluded (25 articles) |

I Included ] I Studies included in qualitative synthesis ],
(n=18+6=24)

Fig. 1 A schematic flow chart diagram of the selected studies

2.2 A concept map approach of ETOs challenges and solutions

ETO companies specialise in fabricating high-value-added customised products in low volumes,
typically small batches or one-of-a-kind products, as shown in Fig. 2.

As project-based organisations, ETO companies focus mainly on designing and manufacturing
new products, involving a complex and highly specialised process that demands qualified and flex-
ible workers [9]. Moreover, ETO companies are customer-centric [10], involving strong customer
participation in product development. However, due to the initial phase's complexity and uncer-
tainty in customer product characteristics, raw material purchase and product manufacturing
only begin after the customer confirms the order quotation.
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Fig. 2 Main attributes of ETO

ETO Potential key challenges

The demand for increasingly customised products has resulted in the need for better performance
in ETO companies [11]. However, the discrete nature of shop floor workflows in ETO companies
poses a significant management challenge requiring higher decision-making resilience to work-
flow performance [12]. The tactical-level management of value chain information can also be con-
sidered another critical issue in the dynamic environment of ETO companies [13]. During the con-
tracting stage, uncertainties about costs and delivery date forecasts are typical, resulting in higher
manufacturing costs [14], longer lead times, higher inventory costs, transportation costs, and
other supply risks. Planning in ETO companies is complex, given the combination of multiple tech-
nical responsibility areas and the difficulty in predicting workload resources and lead times [15].
Customers can be involved in all project stages, such as design, production, assembly and testing
[16]. These challenges often result in manufacturing process delays due to changes made during
the project's progress [17]. Late changes in engineering design can cause costs increases and af-
fect resource allocation along the value chain, according to Gosling et al. [18]. The involvement of
customers and the various interactions place a high demand on production planning and control
activities [19]. Also, as noted by Akcay et al. [20]. One-of-a-kind products or low-volume batches
increase the number of jobs pending in manufacturing.

Developing a concept map for scientific and technological solutions

A thorough comprehension of ETO organisations and their challenges can be significantly en-
hanced by adopting innovative and engaging visual representations, such as concept maps. Unlike
traditional tables, these maps can provide an intuitive and interactive means of conveying detailed
information.

Derived from the problem table resulting from the SLR conducted in the research, an ETO do-
main, concept map can be proven beneficial for identifying and examining ETOs diverse issues,
weaknesses, and areas warranting further investigation [21]. From Fortes et al. [21], Fig. 3, depicts
a multi-layered concept map, with the ETO companies and their characteristics placed at the cen-
tre, encircled by a second ring that contains the surrounding issues. The third ring introduces the
authors' proposals, and the outermost ring emphasises the contributions and limitations of the
studies. This layout was design to enhance the understanding of problem areas, underline the
need for further research, and to promote the development of adaptive strategies to tackle ETO
organisations' multifaceted challenges. This concept map employs five distinct colours and three
unique shapes to differentiate identified distinct categories. Blue balloons represent the charac-
teristics of ETO companies; white balloons signify the issues to be addressed; yellow balloons in-
dicate approaches; green balloons denote contributions; and red balloons symbolise weaknesses.

For example, the item "Bid solution uncertain”, as presented in the study by Sylla et al. [22], is
represented by a white balloon, signifying the issue that needs to be addressed. Subsequent yel-
low rectangles illustrate the approach of "a multi-criteria approach to bid solution uncertainty".
For example, a green balloon showcases contributions, such as "providing bid solutions with ac-
curate and timely replies”, whilst a red balloon points out weaknesses, like "single case study with
limited data". This visual approach intends to enable readers to effortlessly identify the categories
of each item and their relationships with one another. Furthermore, connections between bal-
loons can be established to illustrate the identified links between items. For instance, a connection
between balloons one and two can be drawn, as both pertain to uncertain bid solutions.
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So, concept maps offer a compelling and effective way of organising and presenting complex
information [23] related to ETO organisations’ challenges and potential solutions. By employing
a visually appealing and interactive layout, these maps can facilitate a deeper understanding of
the issues, approaches, contributions, and weaknesses within this field, ultimately encouraging
further investigation and development of comprehensive strategies to address the dynamic chal-
lenges faced by ETO companies.
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Fig. 1 ETO concept diagram [21]
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3. Results and discussion: Criticality analysis of ETO companies’ problems

The systematic literature review (SLR) results and ETOS’s companies problem assessment survey
examined the frequency and identified problems impact these organisations encounter, establish-
ing the associated criticality. To ensure a diverse sample survey was developed specifically tar-
geting high-level professionals such as managers, department directors, and project managers
from a diverse range of ETO companies, including different industry sectors, sizes, and geograph-
ical locations. This investigation uncovered new valuables insights, enabling stakeholders to bet-
ter understand the pressing concerns affecting ETO businesses. In addition, insights into pressing
issues in ETO companies, allowing stakeholders to prioritise efforts, develop effective strategies,
and improve performance and competitiveness within the sector can be provided by the proposed
"Criticality Analysis of ETO Company Problems" table.

3.1 Problem frequency assessment

The analysis involved assessing the relative citation frequencies of each problem identified in the
SLR c¢f and comparing them to the average organisational occurrence rankings reported by the
study survey fr to check the theoretical known SLR findings and identify any new current prob-
lems. This study’s results discovered no additional problems, and all problems were reported as
occurring in practice. Table 2 lists the 14 problems discovered through the SLR, where problem
P10 (Production Scheduling) emerged as the most cited, followed by P11 (Production Planning
and Control), with P2 (Tender Proposal), P3 (Production Performance), P12 (Product Specifica-
tion), and P14 (Lead Time) in third place. In terms of reported frequency fr all problems were
assessed as existing validating the SLR identified problems and revealing that 12 of the 14 prob-
lems (P1, P2, P4, P5, P7, P8, P9, P10, P11, P12, P13, and P14) were equally frequently assessed
with P3 (Production Performance) the most frequent problem and P6 (Unstructured Knowledge)
the least concerned from the surveyed companies’ perspective.

Table 2 Criticality analysis of ETO company problems
pf(%) Ranking fr (%) Ranking Deviation

Item Designation Description

P1 CapaC}ty Difficulty in adapting existing capa.(:ltles to new 4 4th 7 ond 2
Planning product development and production plans.

P2 Tender Limitations in accurat.ely defining tender pro- 8 3rd 7 2nd +1
Proposal posals due to uncertainty.

P3 Production Difficulty in process optimisation. 8 3rd 10 1st +2
Performance
Workflow Difficulty in visualising workload and support-

P4 Visibility ing decision-making in a dynamic shop floor. 4 4th / Znd 2

ps5 Configuration Erequent constraints on \A{orkﬂow configura- 4 4th 7 2nd 2
Process tion due to resource scarcity.

P6 Unstructured Inefficient reuse of design knowledge for new 4 4th 5 3rd 1
Knowledge products.
Lot Size . .

P7 Uncertainty Uncertainty of lot size. 4 4th 7 2nd +2

P8  Quotation lef}culty in pl."oduct design optimisation, influ- 4 4th 7 ond 2

encing quotations.
P9 Workflow Ipformatlon ﬂow_/v failures, limiting collabora- 4 4th 7 ond 2
tion and operational performance.

P10 Product_lon leflculty in defining optimal job sequences for 21 1st 7 ond 1
Scheduling production.
Production Addressing Variability in Operation Execution

P11 Planning & Times in Manufacturing and Assembly Pro- 17 2nd 7 2nd 0
Control cesses

P12 Prod_u_ct _ Lack_ofmformatlon an.d.det.all in customer- 8 3rd 7 ond +1
Specification  provided product specifications.

P13 Customer Late de:51gn changes due to customer-imposed 4 4th 7 2nd 2
Changes alterations.

P14 Lead Time Long execution time. 8 3rd 7 2nd +1

pf - published frequencies (Scopus, Web of Science); fr - frequency as reported in the survey; Dif - difference: Dif = fp - fr
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So, upon examining the table, several conclusions can be drawn regarding the criticality of
problems ETO companies face. First, comparing published frequencies pf from the Scopus and
Web of Science databases with the frequencies reported in the survey fr, which included 12 par-
ticipating ETOs companies, reveals some discrepancies between the literature and the real-world
challenges experienced by these firms.

Table 2 results highlight that Production Scheduling (P10) and Production Planning & Control
(P11) are the most critical issues for ETO companies, as evidenced by their high published fre-
quencies (21 % and 17 %, respectively) and their shared second positions in the survey. These
findings, indicate that these issues are consistently recognised as significant challenges in aca-
demic literature and industry practice. However, most of the problems display a positive deviation
in their rankings between the published frequencies pfand the frequencies reported in the survey
(fr), suggesting that the participating ETO companies perceive these issues to be more critical than
what is reflected in the literature. This discrepancy could imply that the existing literature must
fully capture ETO companies' unique challenges or that ETO practitioners are more aware of the
issues within their sector. Considering these findings, further research is recommended to explore
the specific challenges faced by ETO companies in greater depth and foster closer collaboration
between practitioners and academics. This collaboration can help ensure that the literature accu-
rately reflects the practical issues experienced in the field. By addressing this gap, ETO companies
can better understand and mitigate their challenges, improving their overall performance and
competitiveness.

Therefore, by focusing on the most frequent concerned issues, such as Production Scheduling
(P10) and Production Planning & Control (P11), researchers can contribute to developing more
practical solutions and strategies, enhancing the sector's ability to tackle the complex problems
inherent in ETO operations.

Moreover, the detailed examination of the impact on the field of each problem can provide val-
uable insights into the prioritization of challenges faced by ETO companies, guiding future re-
search and decision-making in the sector.

3.2 Analysis of ETO problem criticality

This session analysis the critical [24] level of the ETO companies’ problems to prioritise ETOs
organisations' challenges. Here, the criticality assessment approach is based on the probability
measure by the frequency assessment and impact of the identified problems. It is employed to
assist companies in better understanding the challenges they face and develop targeted strategies
for addressing them. Furthermore, this type of analysis can allow a more effective allocation of
resources and informed decision-making, improving the overall performance and success of ETO
projects.

Table 3 presents the proposed matrix for evaluating the criticality level of the identified ETOs
problems. The criticality index CI results from the intersection of the row probability P and the
column impact I, where the values are multiplied, thus obtaining the criticality level through the
general Eq. 1.

Cl =P xI (1)

Table 3 Risk matrix (Probability/Impact matrix)

5
4 16
Probability (P) 2 12 15
1
0
Probability /Impact

Impact
| Nonexistent/Very Low [0,4] |  Low[4,6] | Moderate[6,12] | High[12,16]

The criticality level of problems may vary among organisations, resulting in different evaluations
based on each company's specific situation, as demonstrated in Table 4.
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Table 4 Specific organisational evaluation results

Issue Issue Issue

ETO1 P clgror  tlgtor  OCI ETO2 P clgroz tlgroz  OCI ETO3 P clgros tlgro3  OCI
P1 2 2 4 8 P1 2 5 4 10 P1 2 4 4 8
P2 2 3 4 8 P2 2 4 2 8 P2 2 2 2 4
P3 3 3 5 15 P3 2 5 2 10 P3 4 5 2 N
P4 2 1 4 8 P4 2 2 3 6 P4 2 4 3 8
P5 3 4 4 12 P5 3 5 4 15 P5 4 5 4+ N
P6 11 3 - P6 2 1 2 4 P6 3 1 2 6
P7 11 2 P7 2 2 2 4 P7 2 4 2 8
P8 2 3 4 8 P8 2 5 5 10 P8 2 2 5 10
P9 1 4 5 5 P9 2 3 5 10 P9 2 4 5 10
P10 11 2 B2 P10 2 3 1 6 P10 2 5 1 10
P11 2 3 3 6 P11 2 3 1 6 P11 2 5 1 10
P12 3 1 4 12 P12 3 5 5 15 P12 2 5 5 10
P13 3 4 5 15 P13 2 5 5 10 P13 2 5 5 10
P14 3 5 1 15 P14 3 5 1 15 P14 3 2 1 6
ET04 P clgros tlgroa  OCI ETO5 P clgros tlgtos OCI ETO6 P cleros  tler 0cCI
P1 3 5 4 |15 P1 3 3 3 9 P1 4 3 3 |
P2 3 3 3 9 P2 2 3 3 6 P2 3 2 4 12
P3 4 3 3 12 P3 3 2 3 9 P3 5 4 5

P4 3 4 3 12 P4 3 3 3 9 P4 5 3 5

P5 4 4 3 16 P5 3 3 2 9 P5 4 2 5

P6 4 3 1 12 P6 3 3 3 9 P6 2 1 2

P7 3 3 4 12 P7 3 3 3 9 P7 2 1 2

P8 4 4 3 16 P8 3 2 2 6 P8 4 2 2 8
P9 4 4 4 16 P9 3 3 3 9 P9 2 3 5 10
P10 4 2 4 16 P10 3 3 3 9 P10 2 2 3 6
P11 3 3 4 12 P11 4 3 2 12 P11 2 2 4 8
P12 4 4 4 16 P12 2 2 3 6 P12 5 2 5

P13 4 4 5 P13 2 3 2 6 P13 4 2 5

P14 3 4 5 15 P14 2 3 3 6 P14 5 3 4

ETO7 P clgro7  tlgro;  OCI ETO8 P clgros tlgrog  OCI ETO9 P clgros tlgto9  OCI
P1 3 3 3 9 P1 4 4 5 P1 2 2 4 8
P2 11 1 P2 4 4 5 P2 2 3 2 6
P3 5 4 3 P3 4 3 5 P3 3 4 5 15
P4 31 1 P4 5 5 5 P4 3 4 5 15
P5 1 2 2 P5 3 3 3 9 P5 2 4 4 8
P6 11 1 P6 11 1 P6 1 4 5 5
P7 11 2 P7 11 1 P7 5 3 4

P8 11 1 P8 4 5 4 P8 5 4 4

P9 31 1 P9 4 4 4 P9 5 4 5

P10 2 2 2 P10 11 1 P10 3 3 3 9
P11 3 3 2 9 P11 3 3 5 15 P11 2 3 5 10
P12 2 3 1 6 P12 3 3 4 12 P12 2 2 2 e
P13 2 2 4 8 P13 3 3 4 12 P13 3 4 4 12
P14 11 1 N ru4 4 3 s BBl ru4 3 3 4 12
ETO10 P clerio  tlerio  OCI ETO11 P clerin tlern OCI ETO012 P cleriz  tleriz OCI
P1 5 4 5 P1 4 4 4 P1 2 4 4 8
P2 4 3 4 P2 4 5 4 P2 3 5 4 15
P3 5 5 5 P3 3 4 5 15 P3 3 5 4 15
P4 5 5 4 P4 4 3 3 12 P4 3 5 4 15
P5 5 5 5 P5 3 4 5 15 P5 3 5 4 15
P6 2 1 1 P6 3 2 2 6 P6 3 5 4 15
P7 4 1 1 P7 4 4 3 P7 2 4 4 8
P8 2 2 4 8 P8 4 4 4 P8 3 5 4 15
P9 2 2 2 Bl P 4 4 4 P9 3 5 4 15
P10 3 4 4 12 P10 4 5 4 P10 3 5 4 15
P11 5 5 5 - P11 5 5 5 P11 3 5 4 15
P12 2 2 2 P12 4 5 4 P12 2 5 4 10
P13 4 3 2 12 P13 4 5 4 P13 3 5 4 15
P14 4 4 4 el ri4 4 5 5 P14 3 5 4 15

P - Probability; cI - Cost Impact; tI - Time Impact; OCI - Organizational Criticality Index
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Therefore, their specific values may differ from the general average trend values. The Organi-
sational Criticality Index OCI results from the multiplication of the problem reported frequency
with the highest value among its reported impacts on costs clI(x) or time tI(x). For the analysis of
the general criticality index GCI of each identified problem, the approximate average level of re-
ported occurrence frequency of was similarly multiplied by the average impacts on costs cl and
time tI for each identified problem using Egs. 2 to 4.

_ (frETO1+ ..+ fr ETOn)

of " (2)
clETO1 + ....+ clIETOn

el =t - ) 3)
tIETO1 + ... + tIETOn

p= ! - ) (4

Table 5 summarises the criticality levels obtained for each problem, identifying the impact var-
iable that most contributed to its value through time t or cost c.

Based on the findings from Table 5, the following conclusions can be drawn in the context of
ETO companies. First, our analysis of the GCI highlights the key challenges that significantly im-
pact these organisations in terms of time ¢ and cost c¢. This understanding can enable ETO compa-
nies to develop targeted strategies and address these critical issues effectively, thereby enhancing
their overall performance and competitiveness in the market.

These results demonstrate that several problems substantially impact ETO companies' perfor-
mance. As noted by Leksic, the performance of an ETO company is directly tied to the efficiency of
its production process, reinforcing the magnitude of the identified problems in this study [25].
Among the most critical issues identified is the difficulty in optimising production performance
(P3), with a GCI value of 16tc meaning that both time and cost share the same critical level. This
challenge arises from the highly customised nature of ETO products, which necessitates constant
adaptation of manufacturing processes to meet the unique requirements of each project. Conse-
quently, achieving the desired quality standards may require increased time and cost.

Capacity planning (P1) is another significant challenge that the surveyed ETOs companies face,
with a GCI value of 12tc. This issue stems from the difficulty in aligning existing capacities with
planning new product development and their introduction into production. As a result, ETO com-
panies must diligently allocate resources and manage production schedules to cater to each cus-
tomer's specific needs, which may pressure the overall capacity planning process.

Moreover, the analysis emphasises the importance of the configuration process (P5), which
has a GCI value of 12tc. Frequent constraints in the workflow configuration process may occur due
to the scarcity of resources concerning planned and ongoing works. The customer-centric ap-
proach of ETO companies exacerbates this issue, as accommodating unique customer require-
ments may lead to frequent changes and adjustments in the workflow configuration.

Table 5 Level of General Criticality Index (GCI)

12 ETO Average Frequency Index of ETO Survey

Item fo cl tl Gl
P1 3 4 4 12tc
P2 3 3 3 9tc
P3 4 4 4

P4 3 3 4 12t
P5 3 4 4 12tc
P6 2 2 2

P7 3 2 3 9t
P8 3 3 4 12t
P9 3 3 4 12t
P10 3 3 3 9tc
P11 3 4 3 12¢
P12 3 3 4 12t
P13 3 4 4 12tc
P14 3 4 3 12¢

tl - time impact; cI - cost impact
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Additionally, the impact of customer-imposed changes on product design (P13) features prom-
inently in our findings, with a GCI value of 12tc. Late changes in product design can disrupt the
manufacturing process, resulting in delays and increased costs. Therefore, ETO companies must
establish strategies to manage and minimise the impact of these changes on their operations.
Our analysis results also indicate that several other challenges possess moderate to high levels of
criticality for ETO companies. These include workflow visibility (P4), the uncertainty of batch size
(P7), pricing (P8), information flow failures (P9), production scheduling (P10), production plan-
ning and control (P11), product specification (P12), and lead time (P14). Each of these challenges
is directly or indirectly influenced by the unique characteristics of ETO companies, such as their
customer-centric approach, project-based operations, high customisation, low volume, extended
lead times, high complexity, and high variability.

In conclusion, our examination of the criticality index for various issues faced by ETO compa-
nies emphasises the need for these organisations to recognise and address the challenges arising
from their distinctive operational characteristics. Furthermore, by comprehending the criticality
of these issues concerning time and cost, ETO companies can devise targeted strategies and solu-
tions to improve their overall performance [26].

Potential strategies to tackle these challenges may include adopting lean management prac-
tices, enhanced communication and coordination among different departments, investment in
employee training and development, and implementing advanced tools and technologies to boost
process efficiency [27]. By addressing the critical issues identified in our study and considering
theunique characteristics of ETO companies, itis feasible to enhance operational efficiency, reduce
costs and lead times, and ultimately increase customer satisfaction and market competitiveness.

4. Conclusion

Analysing ETO companies' challenges highlights the importance of understanding and addressing
critical factors that influence ETO manufacturing systems. By adopting mass customisation strat-
egies and assessing problem criticality, ETO companies might more efficiently allocate resources,
thereby improving time and cost management. Furthermore, focus on resource management, in-
novative approaches, and workflow optimisation will allow ETO companies to adapt to customer
demands, increasing satisfaction and competitiveness. This study conducted an SLR and survey of
ETO companies to gain insights into problem frequency and criticality. Consistent issues include
production scheduling, planning and control, efficiency, and lead time reduction. The criticality
analysis enables ETO companies to understand problem implications and prioritise decision-mak-
ing and resource allocation. Addressing the significant criticality problems will minimise negative
consequences on ETO project success. The cooperation between industry and academia is crucial
for bridging the gap between theoretical knowledge and practical implementation. Continuous
monitoring and analysis of criticality indices will aid ETO companies in identifying emerging is-
sues and make informed decisions throughout projects. Balancing high and low criticality prob-
lems is crucial to avoid unexpected complications. By understanding ETOs problem criticality and
considering Industry 4.0 paradigms, ETO companies can develop targeted strategies for risk re-
duction and workflow resilience. Effective communication and collaboration within ETO compa-
nies and with external stakeholders are vital. Continuous investment in research and develop-
ment, employee training, and advanced technology adoption ensures long-term success. In addi-
tion, fostering solid collaborations between industry and academia addresses critical challenges
more effectively. This research finding suggests that ETO companies should improve resource ef-
ficiency, adopt innovative management methods, and optimise workflows. Methods such as the
implementation of Lean Management principles, which are proven to enhance production perfor-
mance by improving quality, reducing costs and shortening production times [28], could further
augment ETO companies' performance. In addition, continuous monitoring and analysis of criti-
cality indices will aid in identifying emerging issues and making more informed decisions
throughout the ETO project lifecycle. As a future proposal, it is recommended to explore the de-
velopment of a model proposal aimed at improving or optimising the shop floor management pro-
cess to mitigate the identified problems. This proposal would involve the design, implementation,
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and validation of a comprehensive framework that integrates resource allocation, workflow opti-
misation, and technology adoption, specifically tailored for the unique challenges faced by ETO
companies. This model could facilitate continuous improvement and drive sustainable growth
within the ETO industry by offering practical guidelines and actionable strategies.
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