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Abstract: Mastering new product development at competitive costs is viewed as a challenge. Since the design process
requires multiple iterations to fulfill the product's function in the early development phases, Value Engineering (VE) is
used as a function-oriented approach. To address the challenge of overengineering, VE aims to improve the product
while reducing costs without compromising quality. However, iterations during VE projects are often based on expert
knowledge. This paper introduces a methodology to integrate predictive VE for new Product Generations in the context
of Digital Twin technology. The methodology includes the creation of a VE knowledge base for qualitative VE
prediction. To reach consensus on a Feature Engineering set, the collection of context-specific criteria is supported by
the Delphi method. As a result of an informational Digital Twin, a hybrid Property Graph is presented to support
quantitative VE prediction. Ultimately, the methodology is applied to an industrial case study.
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1 Introduction

(Liu, 2020) notes that 85% of manufacturing costs occur during the early phases of product development (PD). As a
primary reason for increasing product costs, overengineering is described as overspecification that does not necessarily
provide more value to the customer. (Schlattmann and Seibel, 2024; VDI, 2011) To optimize product costs during PD,
Value Engineering (VE) is used as a method to enhance the product's value by focusing on function-oriented costs. For
example, the decision to perform VE in the early phases of PD is driven by the need for additional functions intended to
increase the product's value. Further reasons to initiate VE are high product costs, insufficient functions, or lack of quality
during the product lifecycle. To achieve this, product costs must be considered during early design iterations in PD for
cost-efficient development of new products and to prevent overengineering. However, VE often relies on expert
knowledge across various interfaces.

This paper presents a methodology to support the design team during the early stages of PD with predictive VE, explicitly
aiming to avoid overengineering. The main contribution of this methodology is enabling qualitative VE prediction,
focusing on context-specific criteria to guide function cost analysis when physical components are not yet available in the
early PD. The paper presents the current state of VE based on literature, addresses related research challenges, and defines
research objectives for predicting VE in the early phases of PD. The article analyzes the suitability of function-oriented
design principles for predictive VE based on design theory approaches. Particularly when adding new functions in the
context of Product Generation Engineering, the paper introduces a graph-based approach to specify the value-driven
design. The methodology employs qualitative VE prediction based on context-specific knowledge to establish consensus
on the boundary conditions of analyzed functions. Additionally, it integrates the Digital Twin technology by linking the
knowledge base to the Digital Shadow of Product Generations, enabling quantitative VE prediction. Finally, the
methodology is validated through an industrial case study, which facilitates subsequent quantitative VE predictions.

2 New Product Generation Development

According to (Ropohl, 2009), a product always consists of several elements and can be described as a system. A system
is a model that can be described through constituent subsystems, which in turn comprise components. (Pahl et al., 2006)
The product development aims to collect information about requirements and existing constraints following the
clarification of an initiated task. Initially, the requirements list representing the customer needs is intended as a basis for
the subsequent phases of conceptual and embodiment design during the early PD. In this Chapter, the early PD phases are
introduced, followed by the essentials of Product Generation Engineering.

2.1 Early Product Development Phases

In the conceptual design, the principle solution is identified by abstracting the essential problems at the system level. Over
time, the concretization process often includes preliminary materials or rough dimensions. During embodiment design, it
becomes difficult or even impossible to modify the solution principle of the concept. At this stage, the design is developed
into a more concrete draft that explores, for example, the function. Additionally, the design of individual parts is detailed,
including dimensions, surface properties, and estimated costs (Pahl et al., 2006). (Ulrich and Eppinger, 2016) The final
design is then finalized in the bill of materials (BoM).
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2.2 Product Generation Engineering

According to (Albers et al., 2019), every PD is based on existing reference system elements (RSEs) as a basis for future
development activities, such as subsystems from predecessors or competitors. (Albers et al., 2020a) In Product Generation
Engineering (PGE), three variation types are differentiated to describe the development activities, e.g., concerning
properties or functions of the new Product Generation Gn. A RSE can be transferred to Gn. However, it may also be
adapted to boundary conditions while maintaining the solution principle, which is referred to as carry-over variation (CV).
(Albers et al., 2020b) extended the term of embodiment variation due to the limited level of physical subsystems to attribute
variation (AV) in the system context during development. The AV describes the modification of a new system element
during development, maintaining a solution principle. The variation of solutions is described as principle variation (PV)
when the solution principle is adapted. (Albers et al., 2022) generalized the description of results and realizations during
the new development as System Generation Engineering (SGE).

3 Value Engineering

Overall, the design has a significant contribution to product costs in the early PD phases. Many decisions are needed to
evaluate the design maturity based on specific requirements with limited cost information (Ehrlenspiel et al., 2020). To
evaluate the design in terms of fulfilling needs at the least possible cost, VE is used as a method to decompose the product
or its constituent parts into functions that need to be evaluated in relation to the customer's needs. The objective is to
consider only functions that contribute to the customer value with appropriate specifications. The function analysis is
described as the most important method for analyzing the effects on a product’s value. As a guiding step, the as-is functions
are analyzed by gathering them through moderation with team members and compiling them into a function structure,
such as a function tree, followed by the to-be functions. Typically, functions are classified as main functions, part
functions, and subsequent functions. The VE process is initiated by identifying the market needs of the product. One of
the key success factors of VE is interdisciplinary teamwork, which enables different designations of functions as a basis
for structuring function dependencies and mapping costs accordingly. Based on the defined customer needs, the functions
and related costs are analyzed. The value is created by deriving functions from the needs of new products (VDI, 2011).

One possible method to prioritize product requirements is the Kano model of customer satisfaction by (Kano, 1984; as
cited by Sauerwein et al., 1996), which distinguishes between three types of identified requirements. Essentially, must-be
requirements are defined as basic, which the customer already assumes. Not only do the basic requirements represent a
competitive factor, but the customer would be highly dissatisfied if they are not fulfilled, and they would likely be
uninterested in the product. Moreover, one-dimensional requirements describe customer satisfaction as proportional to the
degree of fulfillment. This means that the customer’s satisfaction is increased if the fulfillment of the requirement is higher
and vice versa. According to (Berger et al., 1993; as cited by Sauerwein et al., 1996), one-dimensional requirements are
specified, measurable, and technical, which are commonly required by customers. In contrast, attractive requirements
define the highest level of customer satisfaction and are not explicitly requested by the customer. The attractive
requirements, as the third category of the Kano model, cause delight and lead to more than proportional customer
satisfaction. Through the practical application of the Kano model, the classification of product requirements facilitates
prioritization in product development. For instance, focusing on must-be requirements with most efforts may not be
valuable, as customer satisfaction is often perceived more through the improvement of one-dimensional or attractive
requirements (Sauerwein et al., 1996). As presented by (Marchthaler, 2008; cited in VDI, 2011), Kano is one of the various
methods used in value analysis. (Ullah and Tamaki, 2011) also strengthen the Kano model, particularly in prioritizing
features in product development to highlight customer satisfaction.

(VDI, 2011) After analyzing the functions, the creative phase is commonly initiated by collecting and developing ideas to
perform the functions. Here, brainwriting and brainstorming methods are often used to drive creativity. For instance, the
635 or Brainpool, as brainwriting methods, aim to collect solution ideas from participants and exchange them between the
participants to combine written ideas or trigger new ideas. The beneficial impact of commonly used creativity techniques
in value analysis is the improvement in idea quality after multiple rounds. However, the goal of this paper is to collect
context-specific knowledge for predictive VE before making decisions about design solutions. (Sekayi and Kennedy,
2017) strengthens the Delphi method as a qualitative approach to develop decision-making criteria through a series of
defined rounds, gathering expert views towards a broader purpose. (Linstone and Turoff, 2002) The Delphi method is a
survey technique used to reach consensus on future issues by utilizing structured expert questionnaires completed
anonymously. The Delphi method also supports decision-making when historical data gathering is not available or not
accurately known. In addition, (Mozuni and Jonas, 2017) emphasize the Delphi method for future-oriented design with
context dependency.

3.1 Research Challenges in Value Engineering

In the literature, there are specific approaches that extend and combine VE, such as with target costing. (Bock et al., 2016)
combined a decision model with target costing and pricing to support efficient product quality in VE. Because they focus
on decision-making in sales and production departments, the proposed method does not explicitly mention the early PD.
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Although it considers iterative loops to control variances, the prediction of VE, particularly regarding function costs, is
not explicitly addressed. (Ibusuki et al., 2006) also combine VE and target costing in their approach, even focusing on
function costs. While the early stages, such as the concept phase, are introduced, the prediction of VE is not explicitly
addressed. Additionally, the related case study maps functions to physical components, detailing the associated costs.
(Maisenbacher et al., 2013) developed an integrated VE (IVE) model by mapping components, functions, and requirements
across three levels of a product. This model emphasizes comparing current and target costs at each level. (Maisenbacher
et al., 2015) adapted the model for evaluating different jet engine concepts, highlighting the main domains of functions,
components, and contact areas for concept assessment. Though the concept is discussed early on, the prediction of VE is
not explicitly addressed in this context. Moreover, (Maisenbacher et al., 2016) highlight the importance of functions as a
domain within the IVE model, providing initial insights for future concept development. They also distinguish between
useful and harmful functions. However, the relationship between a function's importance and the early phases of PD is not
explicitly discussed. Later, Behncke et al. (2014) expanded the IVE model by incorporating manufacturing processes and
supply chain networks to provide additional information on physical components. (Sadi et al., 2015) also build on the IVE
model by emphasizing information flow for early stakeholder analysis in the new PD. However, the prediction of VE is
not explicitly addressed in their contribution.

Several research challenges for VE have been identified in the literature. Although the requirements, functions, and
component costs are mapped to determine the importance of functions, the connection between functions and context-
specific criteria in the early PD phases is not explicitly addressed. Based on the state of the art in VE (Musa et al., 2025)
developed a concept for Digital Twin-based predictive VE to support design and purchasing in the early PD phases. The
Digital Twin-based approach is initiated by the Physical Twin representing the context-specific VE knowledge, followed
by the Digital Shadow as Phase 2 for historical Product Generation data, and Phase 3 as Digital Twin model, more
specifically (Wilking et al., 2021) as an Informational Digital Twin (IDT) with a Digital Master for model-based VE
prediction. Since physical components do not exist in the early PD phases, the main research problem for this paper is to
develop a methodology for integrating predictive VE in the context of a Digital Twin.

3.2 Research Objectives for Predictive Value Engineering

Since physical components do not exist in the early phases of PD, a new method is needed to represent the relationship
between functions and context-specific VE knowledge, incorporating properties for quantitative VE prediction. The
following presents several function-oriented design approaches to investigate their suitability for addressing the research
problem. Regarding design theory methods, various approaches highlight the understanding of design principles.
According to (Hatchuel et al., 2004) the Concept-Knowledge (C-K) theory focuses on defining design based on concept
and knowledge spaces. As the knowledge space transfers to concept space as the design square, the connection between
C and K is emphasized as an expansion in the theory. Although the C-K theory is intended to support proven redesigns of
the functional space, the goal of this paper is not fully met, since it does not explicitly represent functions within the
context of customer needs with related properties for quantitative VE prediction. (Weber, 2005; as cited by Weber and
Husung, 2016) developed a combined product and process modeling approach based on the distinction between
characteristics and properties. This model is known as Characteristics-Properties Modeling (CPM) and Property-Driven
Development (PDD), collectively referred to as CPM/PDD. The model considers both the synthesis and analysis of
characteristics and properties. While designers can directly determine and influence product characteristics, the properties
related to product behavior can only be indirectly affected by changing these characteristics. The CPM/PDD model also
includes functions as properties, but the connection between functions and context-specific criteria for predictive VE is
not explicitly highlighted. (Suh, 1998) introduced a design theory based on mapping customer, functional, physical, and
process domains. Customer needs (CNs) are part of the customer domain, and the functional domain specifies these CNs
as functional requirements (FRs). To meet these FRs, design parameters (DPs) are used in the physical domain. These DPs
are then mapped to process variables (PVs) to produce the final product. Based on two main axioms, one for the
independence of FRs and another for minimizing design information, the theory is called axiomatic design. Although Suh
outlined the main domains necessary for VE, this approach does not fully address the research problem. Due to the
axiomatic rule of independence, it cannot adequately map functions to context-specific criteria with related properties.

According to (Gruber, 1993), an explicit specification, such as for classes or functions, as represented in a knowledge base
of a conceptualization, is regarded as an ontology. Furthermore, (Psyché et al., 2018) state that an ontology serves as an
abstract model of a related world phenomenon, providing a structure for a domain, specifically as a basis for a knowledge
base to explicitly specify the conceptualization. According to (Wilson, 2010), graphs typically consist of elements defined
as nodes, which are connected through edges. (Sahlab et al., 2022) described ontology-based context models that
correspond to a Digital Twin, representing knowledge and relationships specific to a particular domain. As a hybrid
approach, a labeled property graph emerged as a combination of the ontology-based context model and the related
database. The labeled property graph is described by a set of key-value pairs that represent the properties of two nodes
and the relationships between them through edges. (Angles, 2018) emphasizes that a property graph represents specific
characteristics of each node or edge as property-value pairs, resulting in a directed, labeled, and multigraph. In contrast, a
property is demonstrated within the context of a property graph, for example, as a specific characteristic of relationships.
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According to (Boudaoud et al., 2022), graph models facilitate the representation of complex data, for example, by mapping
relational databases to property graphs. (Bonifati et al., 2022; Sakr et al., 2021) emphasize that property graphs represent
the relevant abstractions required in future-oriented systems. Since the research objective regarding predictive VE
addressed the relationship between functions and context-specific VE knowledge, with properties serving as specific
features derived from customer needs, the property graph appears appropriate for labeling properties. Toward the primary
goal of this paper, which is to predict VE qualitatively when physical components do not exist in the early PD and related
feature data are not finally defined, the following research questions (RQs) emerge for this paper.

RQ1: How can context-specific criteria for functions be identified as function carriers for VE when physical components
do not exist for new Product Generations in the early PD phases?

RQ2: How can an ontology be modelled to represent the relationship between context-specific VE criteria and functions
in the early PD phases?

RQ3: How can the Product Generation data be modeled for context-specific criteria of the functions to develop an
Informational Digital Twin-based predictive Value Engineering?

RQ4: How can a labeled Property Graph be modeled for an Informational Digital Twin-based predictive Value
Engineering?

4 Methodology for Predictive Value Engineering

This Chapter presents a methodology to support the design in the early phases of PD toward predictive VE. Its goal is to
guide the design team in Product Generation Engineering in making value-driven decisions. The methodology is structured
in a step-by-step format, following the concept of Digital Twin-based predictive VE (Musa et al., 2025), as outlined in
Chapter 3.1. The methodology focuses on Phases 1 to 3 to enable qualitative VE prediction by introducing the
Informational Digital Twin (IDT) in Phase 3, which forms the basis for a Digital Master prediction model.

Phase 1: Physical Twin for Predictive Value Engineering

The goal of the Physical Twin as Phase 1 towards predictive VE is to identify context-specific VE knowledge for new
Product Generations to prepare the related data acquisition in Phase 2. Since the scope is on predictive VE for a new
Product Generation in the early phases of PD, the context-specific VE knowledge is not only based on existing Product
Generation data. As previously presented in Chapter 3.2, one of the research objectives is not only to rely on historical
physical components from databases for the function cost analysis, but also to collect context-specific criteria in the early
PD phases associated to the functions as function carriers, as addressed by RQ1. To explore RQ1, the Physical Twin for
predictive VE introduces the following methodological steps, as shown in Figure 1.

Physical Twin for predictive Value Engineering

1. Collect the customer needs of G, g‘ Value Engineering in the context of Product Generation Engincering
e ———— % C-> Q <::] n Specific Models
N R L O T 0 A /|| Engineering  )assssssssassnnanns Master
2. Identify the component with related = S ¢ )
n

system boundaries of G, Delphi Study Value Engineering Stakeholder
V Actual data -

3. Prioritize the needs of G, with the - Ty H
— e __— Knowledge base for predictive Value T
wf— Feature Engincering Set (G,) Ontology Model
] Relationship

5. Collect context-specific criteria for Node Relationship Node isCriterionfor

the analyzed functions Criterion 1 isCriterionfor Function 1

Criterion 2 isCriterionfor Function 1

6. Create the Feature Engineering Criterion 3 isCriterionfor Criterion 1
w Criterion 4 jis('rilc‘rionil»r Function 2
Criterion ¢ isCriterionfor Tunction 2

7. Create the Ontology model
based on 4. and 6.

— bwedondande.

Figure 1. Physical Twin with methodology steps for Digital Twin-based predictive Value Engineering based on (Musa et al., 2025)

From a design perspective, as the initial step in the methodology, developing a new component begins with a new PD as
a task (cf. Chapter 2). In this context, Gn represents the new Product Generation, and Gn-1 refers to the existing Product
Generation (cf. Chapter 2.2). Based on the list of customer needs for Gn (cf. Chapter 2.1), the component for Gn is
identified, along with its related system boundaries, as the second step. Depending on the early PD phase (cf. Chapter 2.1),
defining the system boundaries for the new component is essential. For instance, if the new component is preliminarily
defined with initial materials and rough dimensions during embodiment design, subsequent steps will rely on relevant
context-specific criteria. The highest achievement of value-driven design for the new component may occur in the
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conceptual design phase, as several PVs need to be evaluated in accordance with the objectives and constraints of Gn (cf.
Chapter 2.2). Suppose the component is in the embodiment design (cf. Chapter 2.1). In that case, the achievement of value-
driven design may be influenced more than in the conceptual design, as the objectives are more concretized, and the
solution principle may already be defined. The variation of product properties and functions, especially for VE, concerns
the AV when modifying the RSEs (cf. Chapter 2.2). The focus of predictive VE is more for PV and AV rather than CV.
In the case of detailing design, achieving value-driven design is less effective than in conceptual and embodiment design,
as design details, such as dimensions, are essentially defined (cf. Chapter 2.1). However, the second step of the
methodology emphasizes the vital importance of the early PD phase and clearly defined system boundaries. The later the
development phase with a planned BoM release, the more it can impact the achievement of value-driven design as the
objectives and constraints of Gn become more specified. As a third step, the needs of Gn are collected and prioritized from
the requirements list (cf. step 1) as boundary conditions for the identified component (cf. step 2) by stakeholders. In
particular, the methodology integrates the Delphi method to identify the interdisciplinary view on collecting needs, but as
an anonymous expert questionnaire. Initially, an open question can be addressed to the stakeholder to determine which
customer needs may be perceived as valuable from the development perspective of the new component. The third
methodology step aims to prioritize requirements using the Kano model, as determined by stakeholders through the
continuation of the Delphi method. The third methodology step is carried out through individual expert questionnaire
rounds and subsequent consensus rounds, utilizing anonymous feedback. Subsequently, the function analysis of the new
component is performed as the fourth step to analyze and model the dependency structure between the functions (cf.
Chapter 3.1). The fifth step aims to collect context-specific criteria as boundary conditions for the analyzed functions. The
goal is to define a knowledge base for predictive VE from the expert knowledge of historical Product Generations, focusing
on early PD phases after achieving consensus. As a result of the collected context-specific criteria, the feature engineering
set is created for Gn in step 6. The goal of step 6 is to classify prediction criteria for the data acquisition of Gn towards
quantitative VE prediction. Furthermore, the prediction criteria need to be modeled to the analyzed functions of step 4, as
addressed by RQ2 (cf. Chapter 3.2). Besides the exemplified feature engineering set in Figure 1, the related ontology is
illustrated based on the direct relationship "isCriterionfor" between criteria 1 and 2, where function 1 serves as a node.
Criterion 3 has a direct relationship with criterion 1 and an indirect relationship with function 1.

Phase 2: Digital Shadow Reference Model

Following RQ3 in Chapter 3.2, Phase 2 aims to develop a Digital Shadow reference model for predictive VE. Building on
the feature engineering set classified in Phase 1, the related data are gathered in step 8 of Figure 4 from diverse data sources
toward an IDT in Phase 3. The Product Generation data are generalized, which can be acquired as planning and
development data, as well as actual data from existing Product Generations. In step 9, the feature engineering set (cf. step
6) is classified to the identified Product Generations. As illustrated in Function 1, criterion 1 is classified under Gn. For
the existing Product Generations, e.g., Gn-1 and Gn-2, criteria 2 and 3 serve as classification input. Following step 10, the
classified data are combined based on relational data modelling (cf. Chapter 3.2). As step 11, the acquired and classified
data are processed to provide a database model for the IDT in Phase 3.

Digital Shadow Reference Model for predictive Value Engineering

8. Data acquisition

v

e —
Feature Engineering -
Set (G,) Product Generation Data

Criteria Product G
Criterion 1 Ga
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v Function 1 Criterion 3 Gat Criterion 3
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11. Database model for data - — f" !
processing Function1 Criterion 3 Gu1

Figure 2. Digital Shadow with methodology steps for Digital Twin-based predictive Value Engineering based on (Musa et al., 2025)

Phase 3: Informational Digital Twin (IDT)

In Figure 5, the development of an IDT for predictive VE is illustrated with related methodology steps. In methodology
step 12, the ontology model from step 7 is combined with the database model from step 11 to facilitate data processing of
classified criteria to functions for existing and new Product Generations. As a result of this hybrid approach, a labeled
property graph (cf. Chapter 3.2) is created for predictive VE in step 13. As illustrated by the following examples, Gn-1
and Gn, the labeled property graph contains, in addition to the exemplified ontology in Figure 3, the key-value pair as a
property of the graph. For example, an existing Product Generation Gn-1 is mapped to a key-value pair identified from
the processed database in step 11, which contains the context-specific criteria from step 5. In the case of a function as a
node, the related key-value pair includes the definition of the analyzed function, e.g., generate power from step 4, and is
provided in the feature engineering set of step 6. However, a further example is illustrated for the new Product Generation
Gn, which contains for criterion 1 the key: NaN (Not a Number). Since criterion 1 is considered a missing graph property
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that cannot be identified from the database model in step 11, step 14 applies in the case where the key is NaN. The Digital
Master-based prediction model focuses on the quantitative VE prediction of criterion 1, which may not be finally
determined in the early PD phases. By combining the ontology with the processed database model of the Digital Shadow
reference model, the labeled property graph aims to represent the IDT as a relationship between functions and their context-
specific criteria, as well as between context-specific criteria and labeled values. In conclusion, Phase 3 aimed to address
RQ4 by modeling a labeled property graph for predictive VE, with a particular focus on preparing the quantitative VE
prediction of Gn.

Informational Digital Twin (IDT) for predictive Value Engineering

12. Combine the ontology of 7. G . C;\l];‘;lzri‘ ) Relationship: isCriterionfor FHEIS?;, 5
with the database model of 11. o y
13. Create the labeled Property Graph Key: value Key: value
Informational Digital Twin
G Node: Relationship: isCriterionfor Nﬂflc»
14. Apply Key: NaN (Not a Number) to Ll Criterion 1 Function 1
Digital Master-based prediction model
Key: NaN Key: value

Figure 3. Labeled Property Graph for Digital Twin-based predictive Value Engineering based on (Musa et al., 2025)

5 Industrial Case Study

This Chapter presents an industrial case study of a combustion engine developer and manufacturer for large applications,
such as Agriculture or Mining. The developed methodology in Chapter 4 is applied to the scenario of developing a new
engine generation with a dry oil sump as a component for predictive VE. In Figure 4, the oil circuit subsystem is
differentiated between the reference engine Gn-1, which has a wet oil sump system, and the new engine Gn, which has a
dry oil sump system. The wet oil sump stores the entire engine oil, which is pumped and passes through the oil filter for
lubrication throughout the engine. After the oil has circulated, it drains down, collected by the oil sump, and recirculates.
In contrast, the dry oil sump stores most of the oil in a separate oil tank, allowing for more oil volume in the oil circuit.
The oil drains down and is collected by the dry oil sump but is then pumped back to the oil tank by a scavenge pump. Not
only does the design of a dry oil sump represent a new principle solution as PV, but new functions and properties may be
considered as AV due to the influence of the scavenge pump and oil tank on the design of the dry oil sump. The oil pump
and oil filter can be considered as RSEs, while the new system elements comprise the scavenge pump and oil tank.
However, the scope of the case study is on the dry oil sump as a component according to methodology step 2.

Reference Engine G, ; with Wet Oil Sump New Engine G, with Dry Oil Sump

@ Oil Filter Engine Block @ Oil Filter |mm Engine Block

Scavenge
Pump

Oil Tank

Wet Oil Sump

Dry Oil Sump

Figure 4. Principle solution of a wet oil sump system (Gn-1) and a dry oil sump system (Gn)

In Figure 5, the Physical Twin for predictive VE is shown for the dry oil sump. To understand which customer needs may
be viewed as valuable for Gn from a development perspective, a Delphi study is conducted to reach consensus on the dry
oil sump design based on expert knowledge. For the case study, a Senior Expert in Design at managerial level, a Head of
Department for Simulation, a Subsystem Owner for the oil circuit, and a Design Engineer for the oil sump were chosen as
stakeholders by a Value Engineer, who acted as the moderator. The selection of stakeholders is based on extensive
experience in various new development projects and on representing multiple domains (system, subsystem, component).
Using a requirements list, the current Delphi study is designed with an open question in the first round for the stakeholders.
The aim is to gather customer needs individually that might be considered valuable for the oil sump design across different
engine generations of base applications (cf. step 3). The second round seeks to achieve consensus on the oil sump design
through anonymous feedback from each domain. Then, the needs are prioritized with the Kano model in the third round.
Below, the stakeholders’ views on illustrated needs are presented.

From the Senior Expert Design perspective, the achievement of criteria such as customer packaging that includes engine

dimensions (length, width, height) or engine service interval was emphasized for management reporting. It is crucial to
investigate possible configurations for the customer applications, which may require multiple iterations. By exchanging
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anonymous feedback on the oil sump design as a domain, the screw dimensions were evaluated as a basic requirement in
the third round. According to the Senior Expert Design, a customer’s need is classified as basic when it is non-negotiable.
The contribution of the screws to the oil sump is towards maintainability and assembly. Regarding the engine inclination,
the need has been classified as basic, as it is considered a prerequisite for the customer. As a relevant application, the
center of gravity and construction of an excavator were highlighted due to the slope. The engine dimensions were classified
as one-dimensional requirements, specifically regarding packaging compatibility with the customer's application. If the
required engine dimensions for the customer's packaging are achieved more compactly, customer satisfaction is directly
proportional to expectations. In contrast, the engine service interval from the first round is evaluated as an attractive
requirement, which delights the customer in terms of unexpectedly longer service intervals for the engine maintenance
due to appropriate oil lubrication.

From the Head of Department for Simulation's perspective, the engine dimensions from round 1 have been highlighted for
integration into the customer application. Furthermore, the engine's rated speed has been identified as a valuable need for
the oil sump design. During feedback exchange on the oil sump domain in round 2, a consensus was reached regarding
the oil sump dimensions. The engine dimensions, as criteria for the oil sump, have been classified as both basic and related
to customer integration expectations. To avoid high part costs, a consensus was also reached on the oil pump criteria within
the oil circuit domain. Consequently, an additional pump would be necessary if the oil sump is too flat and hinders proper
oil pumping. In contrast to the evaluation of the oil sump design domain, the oil volume has been assessed as a performance
requirement for the oil sump. Since the oil sump inclination (front, back, left, right) helps prevent oil aeration, ensuring
the necessary oil volume is critical for the design. Additionally, the engine rated speed has been classified as a one-
dimensional requirement in round 3. If the rated speed exceeds expectations, engine component simulations could improve
brake performance. Conversely, downspeeding would help the customer save more fuel. Engine power is another
performance requirement. However, higher power does not necessarily lead to increased customer satisfaction. If the
power is higher, the customer may be satisfied but may not be willing to pay more. Moreover, engine lifetime and service
interval have been evaluated as attractive requirements. The oil sump can help extend service intervals and engine life by
providing better lubrication, as long as the oil volume requirements are satisfied by the oil sump design.

From the Subsystem Owner's perspective, engine dimensions were also emphasized as essential for integrating into the
customer application. During feedback exchanges with the oil sump domain, a consensus was reached on the oil sump
dimensions, classified as basic, in preparation for expected customer integration. In the oil circuit domain, the oil pump
criteria were emphasized as boundary conditions for designing the oil sump. The oil recirculation ratio, which indicates
how long the oil stays in the sump, was specified as a one-dimensional requirement, as it initially influences the sump size.
Additionally, the flow and displacement of the oil pump are considered in terms of performance needs, as a small oil pump
may not be able to handle a large volume of oil, which could potentially affect the oil sump dimensions. The required oil
volume was considered a basic need for the oil sump design, as customer satisfaction could be very low if the engine is
not adequately lubricated. Furthermore, the engine lifetime and service interval were evaluated as attractive. The oil sump
can contribute to longer service intervals and engine lifetime by ensuring better lubrication if it provides the necessary oil
volume. For example, in one application, the service interval was set as a boundary condition. However, after validation
tests, a longer interval was identified as potentially beneficial.

From the Design Engineer's perspective, the oil sump dimensions have been assessed as a basic requirement for packaging
compatibility. The dimensions of the screws were also categorized as basic to ensure better maintainability and prevent
leakage. Although the screws are considered necessary, they are not a priority because the customer is unwilling to pay
extra. Regarding the engine inclination, a consensus has been reached based on anonymous feedback, evaluating the oil
sump inclination as a one-dimensional requirement. If integrating the engine into the customer application with an
appropriately inclined oil sump allows for a more compact design, it could lead to higher customer satisfaction. By
analyzing anonymous feedback from the oil circuit domain, the pump displacement and flow rate have been evaluated as
basic by the oil sump designer. To move a specific volume of oil from the sump, the appropriate oil pump criteria are
likely to be treated as boundary conditions in the design of the oil sump. Ensuring proper pumping while preventing oil
aeration requires considering the shape of the oil sump. Without draft angles, the shape approximation during early design
phases may become more complex. A lack of initial oil sump dimensions or inclination data could result in increased part
costs due to the selection of a premium supplier for specific manufacturing. Nonetheless, the engine's lifetime and service
interval are viewed as attractive requirements.

The function analysis was conducted with the stakeholders, following the 'how and why' principle (cf. step 4). The main
function of the oil sump is to provide oil for engine lubrication. The as-is function structure of the wet oil sump includes
the part function of storing oil. Collecting drained oil from the engine is considered as an additional function. To support
customer maintenance, including oil changes, the function of removing dirt and oil must be incorporated into the oil sump
design. To maintain the oil level, a subsequent function derived from the part function involves pumping oil from the
sump. To prevent oil loss, it is crucial to maintain the material properties to avoid cracks. Ensuring the oil volume in the
sump involves analyzing the function of tightening the sump bolts to secure the connection to the crankcase. Additionally,
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the function of preventing leaks and oil loss was identified through proper positioning and compression of the seal. To
avoid direct contact with rotating parts, such as the crankshaft, the function of preventing oil splashing is linked to
preventing oil foaming by shaping the oil sump to reduce oil movement. The to-be function structure of the dry oil sump
differs slightly from the wet sump, as the dry sump primarily collects drained oil, while the oil tank primarily stores most
of the oil as its main function. However, an additional function as AV for the dry oil sump was also analyzed to prevent
oil aeration caused by the scavenge pump, which may pump oil with air. The effect of pumping oil with air is considered
disadvantageous for the customer, as it may lead to engine damage due to reduced lubrication. Figure 5 illustrates the
feature engineering set related to preventing oil aeration (cf. steps 5 and 6).

Physical Twin for predictive Value Engineering (Case Study: Dry Oil Sump)

Reference Engine G, , with Wet Oil Sump New Engine G, with Dry Oil Sump
'R‘Senior Expert Head of Department
Design Simulation e Blesk
Subsystem Desi .
- esign Engineer
Owner Wet Oil Sump
Value Engineering Stakeholder Domain _ No. [Node Relationship
Cl Engine Length [mm] isCriterionfor
C2 Engine Width [mm] isCriterionfor
System C3 Eug%ne Height [mm] %sCr%ter%onfor
. |C4 Engine Power [kW] isCriterionfor
Domain |~ cine Rated Speed isCriterionf
(Engine) |C: ugfne ed Speed [rpm] %s ,r% elfcl or
C6 Engine Torque [Nm] isCriterionfor
D elphi Stu dy Cc7 Engine Oil Volume [L] isCriterionfor Prevent Oil Aeration
C8 Engine Inclination [°] isCriterionfor C15
Subsystem |C9 Qil Recirculation Ratio isCriterionfor Prevent Oil Aeration
Domain |[C10 |Oil Pump Displacement [cm3] isCriterionfor Cl11
(0il C11 |Oil Pump Flow (I/min) isCriterionfor 9
.. C12  |Oil Sump Length [mm] isCriterionfor Prevent Oil Aeration
C
KnOWIBdge base_ for predlctlve Do;nain C13  |Oil Sump Width [mm] isCriterionfor Prevent Oil Aeration
Value Engineering : C14 [Oil Sump Height [mm] isCriterionfor Prevent Oil Aeration
(Oil Sump) - =—. —— - -
C15 |Oil Sump Inclination [°] isCriterionfor Prevent Oil Aeration

Figure 5. Physical Twin for Predictive Value Engineering for an exemplified function of the dry oil sump

Based on the collected context-specific criteria for the function (Prevent Oil Aeration), which has both direct and indirect
relationships, the ontology has been modeled (cf. step 7). According to step 8, data related to the feature engineering set
has been obtained from PLM databases and classified to Gn (cf. step 9). Based on the relational data modeling of the PLM
lists (cf. step 10), the relational database (cf. step 11) has been integrated into Neo4;j for graph-based representation (cf.
step 12). To understand which context-specific criteria are important for the additional function in a value-driven design
of the dry oil sump, Figure 6 illustrates the labeled property graph (cf. step 13). For the case study, fictitious values were
used to create the labeled property graph (see step 13), as shown in Figure 6. To highlight the importance of the additional
function (Prevent Oil Aeration) as AV, the relationships have been modeled accordingly. For example, engine power (C4)
is related to oil volume (C7), since higher engine performance requires more oil for lubrication. In total, 12 functions were
evaluated with the stakeholders. Preventing oil aeration is a key function of the dry oil sump. For comparison, the function
to position the seal was evaluated with fewer relationships, such as engine dimensions and oil volume, as direct
relationships.

isCriterionfor
Cl

Key: 1420 Key: NaN

Key: 1800

ISCriter;, onfor

isCriterionfor
Cc8

'\sCri\cr‘\O“fO(

Prevent

isCriterionfor isCriterionfor
@ @

oil Key: NaN
Aeration
Key: 1005 Key: NaN &
N
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Key: NaN Key: NaN

Figure 6. Labeled Property Graph for an exemplified function of the dry oil sump
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In summary, incorporating the Delphi method into the methodology was seen as advantageous because it facilitated the
exchange of insights across multiple domains in prioritizing customer needs for the oil sump design. The second round of
the Delphi questionnaire, which included anonymous feedback, was considered subjective because not all stakeholders
shared the same opinions on the oil sump design. However, it helped the participants in understanding the broader, context-
specific criteria for the oil sump. Specifically, the methodology provided predictive support, helping the development team
avoid overspecification by allocating the context-specific criteria to functions with direct and indirect relationships.
Additionally, the Kano model is considered advantageous for prioritizing needs early in the project. For example,
substantial effort might be directed toward a function that the customer does not value as highly, such as criteria like
serviceability. Classifying needs using the Kano model was considered somewhat to quite challenging due to the
qualitative abstraction of customer satisfaction into expectation levels. Notably, the methodology has been identified as a
helpful guide during early PD to prevent misunderstandings related to the specifications. For example, defining design
criteria such as screw dimensions or surface roughness without first linking them to specific functions can cause multiple
iterations. For performance needs such as engine rated speed, assessments often rely on experience-based knowledge,
which may be limited with a new engine generation. The methodology is valued as a predictive decision-support,
especially when reference engines are not directly applicable to new design principles and their boundary conditions.

6 Summary and Outlook

Many design decisions are becoming more dependent on the early stages of product development (PD). Using Value
Engineering (VE) as a method highlights the potential to reduce costs while avoiding overspecifications early in the PD
process. To improve the quality of VE outcomes during these early PD phases, this paper introduced a methodology
focused on qualitative VE prediction for new Product Generations. This methodology is developed within a Digital Twin-
based predictive VE approach, which includes the Physical Twin in Phase 1 to build a knowledge base for predictive VE
across multiple domains. The approach guides the initial phase by collecting context-specific criteria related to the
functions of new components, supported by the Delphi method to reach consensus among various Product Generations.
Additionally, the methodology is validated through an industrial case study that highlights the importance of VE in the
context of Product Generation Engineering, examining a new principle solution. The importance of the function is
supported by allocating and prioritizing customer needs using the Kano model, which in turn leads to a feature engineering
set that results in an ontology model for predictive VE. The integration with a database model from the Digital Shadow
reference model creates a graph-based representation of both direct and indirect relationships between context-specific
criteria and functions. Therefore, the hybrid property graph aims to support subsequent quantitative VE predictions. The
developed methodology has proven to guide the development team with value-driven decisions, which are crucial for later
component purchasing in lifecycle phases. Based on this qualitative VE prediction approach, future research should
explore methods for predicting missing values using historical Product Generation data. Additionally, the influence of
predicted variation shares on function-oriented costs in the early phases of PD warrants further investigation.
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