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Abstract
During an engineering design process, designers create sequences of product models by switching between product models 
with different purposes. To enable an efficient use of these product models, researchers are required to anticipate the com-
patibility of the models in application by designers. This is necessary as the information in an existing product model may 
not be usable for a subsequent product model. However, the corresponding information on compatibility was not accessible 
to researchers as it was scattered across various publications. Hence, the objective of this contribution was to develop a 
structured overview, a landscape of linkable and non-linkable product models in embodiment design to merge the informa-
tion. For this purpose, a literature review containing a grounded theory-based analysis was conducted and the results were 
visualized using the network visualization software Gephi. The key learnings of the visualized landscape of 52 product 
models can be summarized as follows: (1) some models are already closely linked to each other by compatible inputs and 
outputs; (2) other product models are noticeable with mostly unknown linking possibilities due to incompatible inputs and 
outputs or insufficient descriptions in the literature. 14 product models offer two linking possibilities or less. In these cases, 
it is unclear how they interact with other product models in an engineering design process. In conclusion, the product model 
landscape provides insight into the compatibility of product models to support the development of existing and new product 
models for sequential use by designers.
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1  Introduction

Modeling serves designers as an essential tool in the engi-
neering design process for describing, visualizing, and shap-
ing thoughts for themselves or communication with others 
(e.g., Buur and Myrup Andreasen 1989; Maier et al. 2014). 
In addition, it is an aid for decision-making (e.g., Eckert and 
Hillerbrand 2022; Maier et al. 2017). While a design process 
can be considered as a sequence of models, modeling can 
be considered the language of designers (Andreasen 1994; 
Subrahmanian et al. 1993).

Andreasen et al. (2015: 42) define the resulting models 
as “[…] a human creation that carries attributes similar to 
the modeled phenomenon or object.” This definition can be 
elaborated by the main characteristics of models according 

to Stachowiak (1973: 131–133), representation, reduction, 
and pragmatism. Representation refers to models represent-
ing an original; reduction refers to capturing only some 
of the attributes of the original; and pragmatism refers to 
models fulfilling an intended function (Stachowiak 1973). 
In this contribution, we investigate a specific type of model 
used in product design: product models. The definition is, 
therefore, further specified through the purpose according 
to Eckert and Hillerbrand (2018), which is the depiction of 
function, behavior, or structure, or analysis of the behavior 
of a defined design. Based on the definitions by Andreasen 
et al. (2015), Stachowiak (1973), and Eckert and Hillerbrand 
(2018), a product model is defined in this contribution as 
a human-made, pragmatic, reductive representation of a 
technical product carrying attributes similar to the modeled 
original for the purpose of depicting its function, behavior, 
or structure, or for analyzing its behavior.

As designers create sequences of product models dur-
ing an engineering design process (Andreasen 1994), they 
have to switch between models. Each of the models ena-
bles the designer to answer specific questions, for example 
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concerning the functionality, reliability, or producibility 
of the product (Maier et al. 2014). The ability to switch 
between models allows the designer to select the most appro-
priate model for a given application case or optimize through 
design iterations (Jones et al. 2020). Similarly, design meth-
ods have different capabilities depending on the problem 
and context of the application (Reich 2010). Thereby, the 
switching, which depends on the availability of linkable 
models, affects the entire design process. Linkable, in this 
context, refers to the ability to use the outputs of one model 
as inputs for the subsequent model. Building on Buur and 
Myrup Andreasen’s (1989) understanding of a communica-
tion process, this means the transfer of information using 
a shared code, i.e., language. This can be done both auto-
matically by a technical interface as well as a designer. In 
both cases, the shared code is essential to minimize the risk 
of misunderstandings which would lower accuracy. In con-
trast, the need to transform or supplement the transferred 
information, e.g., to reach another abstraction level, would 
affect the duration and risk of error. Differences in the level 
of abstraction that would affect the usability of the informa-
tion, as discussed for example by Shaked and Reich (2021), 
are, therefore, not considered. Applying this to switching 
between models results in, as Jones et al. (2020: 43) state, 
“[…] the quicker and more accurately one can transition 
between models, the quicker the design process”. Hence, 
switching between different product models can delay the 
design process, and should, therefore, be considered when 
selecting or developing a product model.

The state of research on product models was outlined 
in the literature reviews by Matthiesen et al. (2019b) and 
Weidmann et al. (2017). Matthiesen et al. (2019b) reviewed 
product models in embodiment design, a specific section of 
product design, to develop a framework for product model 
selection to cope with the multitude of existing product mod-
els. The resulting framework clustered the product models 
by embodiment design phase and application purpose, in 
which the identified product models spanned all possible 
combinations. In contrast, Weidmann et al. (2017) exam-
ined the interdisciplinary character of product models in 
mechatronic design and identified a strong overlap across 
the disciplines of mechanical, electrical, and software engi-
neering, in particular in the case of mechanical and elec-
trical engineering. Altogether, the reviews identified 79 
different product models and classified them according to 
multiple categories, such as the “type of depiction”, “type 
of information”, or application purpose. In addition to the 
classifications already included in the literature reviews, 
there are other distinctions, e.g., that were drawn by Jones 
et al. (2020) between virtual, physical, and cognitive models. 
These results illustrate the multitude and variety of product 
models available today and how researchers tried to struc-
ture the state of research for model researchers and model 

selection for designers by different classifications. The effort 
of switching between product models was not taken into 
account in these overviews.

The multitude of product models in engineering design 
is constantly growing with continuing model research. As 
modern systems become increasingly complex (Suh 2005) 
and multi-disciplinary (Tomiyama et al. 2007), the require-
ments for product models in product design evolve and call 
for the development of different new product models. The 
development based on shortcomings of existing models was 
illustrated in an example by Buur and Myrup Andreasen 
(1989) in the context of mechatronic product development. 
It was shown that the domains of mechanics, electronics, 
and software were merged at a stage when alternative con-
cepts were no longer properly considered. Buur and Myrup 
Andreasen concluded that a new type of product model was 
required to describe the complex interaction of mechanics, 
electrics, and software in the overall product for concept 
development (Buur and Myrup Andreasen 1989). Such new 
product models aimed at specific use cases extend the vari-
ety and contribute to the relevance of continuously struc-
turing the state of research of product models for model 
researchers and designers.

To enable designers to consider the switching between 
product models in product model selection, researchers 
have to anticipate both the linkability of product models 
and how to provide the knowledge of these linking possi-
bilities. Examples of linkable product models have already 
been described in the literature, e.g., building FEM or MBS 
models from CAD models (Danjou et al. 2008) or building 
up a design structure matrix (DSM) from textual functional 
descriptions or a technical drawing (Wilschut et al. 2018). 
But the knowledge about these already described linkable 
product models has not yet been merged. Hence, a merged, 
structured depiction of the linking possibilities of the state 
of research is required so that researchers can consider and 
provide more than the individual examples they are familiar 
with. Consequently, the problem is the lack of an overarch-
ing, structured overview of product models presenting the 
links to capture the knowledge of linking possibilities. This 
is also necessary to support the integration of newly devel-
oped product models into the state of research.

1.1 � Contribution of this article

The purpose of this contribution is to develop a structured 
overview of linkable and non-linkable product models to 
enable researchers to access the knowledge of linking pos-
sibilities between product models and simplify the integra-
tion of new models into the state of research. A particular 
relevance of the linking possibilities is expected during 
the development of the shape of the technical system start-
ing from concepts, since this represents a major change 
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in the product description and the fulfillment of require-
ments must be ensured by testing activities with models. 
This development from concept to shape aligns with the 
embodiment design phase as defined by Pahl and Beitz 
(1996: 199): “Embodiment design is that part of the design 
process in which, starting from the working structure or 
concept of a technical product, the design is developed, in 
accordance with technical and economic criteria and in the 
light of further information, to the point where subsequent 
detail design can lead directly to production […].” Accord-
ing to Pahl and Beitz (1996), this phase is characterized 
by repeated corrective steps, the constant alternation of 
analysis and synthesis, and the intersection of function, 
durability, production, assembly, and operation. Since this 
multitude of elements is addressed by different models, 
the repeated steps result in repeated switching between 
product models and thus also in a greater relevance of 
links in embodiment design. For this reason, the struc-
tured overview of linkable and non-linkable product mod-
els is narrowed to the embodiment design phase hereafter 
referred to as the landscape of product models in embodi-
ment design.

To be able to identify the linkable product models, the 
components of the links, the inputs and outputs, have to be 
investigated first. Concerning the objective of identifying 
links between product models, similarities between inputs 
and outputs are particularly relevant. Therefore, the fol-
lowing research question is formulated:

RQ1: Which categories of similar inputs and outputs of 
product models in embodiment design can be identified in 
the literature?

Based on the investigation for RQ1, Research Ques-
tion 2 is subsequently answered to achieve the aim of this 
contribution:

RQ2: Which links between product models in embodi-
ment design can be formed based on the inputs and outputs 
from the literature?

The research questions are answered through a literature 
review, as the literature contains descriptions of the currently 
used and recently developed product models as well as their 
inputs and outputs. The three steps of the literature review, 
consisting of the creation of a literature collection, grounded 
theory-based literature analysis, and subsequent visualiza-
tion, are explained in detail in Sect. 2. Section 3 contains the 
results, with the landscape of product models as the main 
result, and the discussion in a structure analogous to that of 
the methods section. Section 4 presents the main conclusions 
regarding the links between product models, as well as their 
implications for the development of new product models.

2 � Methodology

To answer the research questions, a stepwise approach was 
chosen to create a literature collection and subsequently 
analyze it. Figure 1 shows an overview of the three steps of 
the procedure and their relations to the research questions. 
In the first step, creating the literature collection, an exist-
ing literature collection was updated to obtain a representa-
tive collection of the literature. The second step, grounded 
theory-based literature analysis, aimed at identifying the 
product models in the literature and analyzing the inputs, 
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Fig. 1   Overview of the steps in the research method and how they relate to the research questions
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outputs, and categories of these. In the final step, consolida-
tion and visualization, the gathered information was com-
bined to map linkable product models and categories. The 
individual steps of the procedure are described in detail in 
the following sections.

2.1 � Creating the literature collection

As described in the introduction, Matthiesen et al. (2019b) 
conducted a literature review regarding product models in 
embodiment design containing publications between 2009 
and 2018. The literature identified by Matthiesen et al. was, 
therefore, used as a basis and updated to cover the period 
from 2009 to August 2022. The procedure for the system-
atic literature search used by Matthiesen et al., which was 
based on Dresch et al. (2015), was replicated for the period 
since 2018. The sources, search terms, and inclusion criteria 
defined by Matthiesen et al. (2019b) were as follows:

The search terms embodiment design, embodiment design 
AND model, embodiment design AND analysis, embodiment 
design AND synthesis, embodiment function relation, func-
tion model*, product model, and system* modeling were 
applied to the databases1 ASME digital collection, Google 
Scholar, IEEE, ResearchGate, Scopus, and Web of Science. 
The matches in the databases were filtered using three sets 
of inclusion criteria increasing in requirements. The first set 
of inclusion criteria applied simultaneously in the search in 
the databases were:

–	 Published in 20182 or later
–	 Published in the field of engineering design
–	 Published in English

After applying the first set of inclusion criteria, the 
remaining matches were transferred to the reference man-
agement program Citavi 6.3 Before applying the second set 
of inclusion criteria, duplicates were filtered using the tool 
included in Citavi 6 and manually. The second set of inclu-
sion criteria were:

–	 The abstract or title mentions a product model or mod-
eling process

–	 The keywords indicate the context of embodiment 
design4

The remaining publications were filtered using the 
third set of inclusion criteria considering the full-text 
sources:

–	 A product model is described
–	 The type of depiction and the type of information of the 

model are specified
–	 The source is published in a peer-reviewed journal or 

conference proceeding

The publications following all inclusion criteria were 
merged with the literature collection by Matthiesen et al. 
(2019b). Due to the overlap of search periods in 2018, the 
merged literature collection was again checked for duplicates 
to achieve a consistent collection of literature for the period 
from 2009 until August 2022.

2.2 � Grounded theory‑based literature analysis

The aim of the literature analysis was to answer Research 
Question 1 by creating a table of model inputs and outputs, 
and subsequently building categories from them. To begin 
with, the product models described in the publications had 
to be identified, as many models and their inputs and outputs 
were described in multiple publications. The definition for 
product models, human-made, pragmatic, reductive repre-
sentations of a technical product carrying attributes similar 
to the modeled original, specified in the introduction was 
applied. For the following extraction of the inputs and outputs 
from the publications and to build categories, the step Ana-
lyze of Wolfswinkel et al.’s (2013) grounded theory literature 
review method was chosen. This method was selected as the 
inputs and outputs of the product models were expected to be 
described differently in each publication. The method enables 
the merging of differently described constructs into overarch-
ing categories, as will be shown in Sect. 3.2.

The method started with the highlighting of excerpts con-
taining inputs and outputs, which can be words, sentences, or 
paragraphs. Due to the specific context of this analysis, fig-
ures were considered as well. The extracts were then merged 
for each product model. The product models, corresponding 
publications, and merged excerpts of their inputs and outputs 
were documented in an overview table.

Subsequently, three coding processes were applied to 
the excerpts to build categories based on similarities of the 

1  The TEMA database was not adopted from Matthiesen et  al. 
(2019b), as this database is no longer available due to insolvency.
2  The time period under consideration was updated to begin at the 
end of Matthiesen et  al.’s (2019b) time period in 2018 and end in 
August 2022.
3  For more information, visit https://​www.​citavi.​com/​en

4  Supplementing Matthiesen et al. (2019b), the title and abstract were 
searched for indicators of the context when no keywords were avail-
able.

https://www.citavi.com/en
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excerpts. The three coding processes, open coding, axial cod-
ing, and selective coding, were defined by Wolfswinkel et al. 
(2013: 51) as follows: “In sum, open coding is the analytical 
process of generating higher abstraction level type categories 
from sets of concepts/variables. Axial coding is the further 
development of categories and relating them to their pos-
sible sub-categories. With selective coding, the categories 
are integrated and refined.” The coding processes were first 
applied separately to the inputs and outputs and finally joined 
to create overarching categories. This resulted in a hierarchi-
cal structure of categories of inputs and outputs.

2.3 � Consolidation and visualization

In the following, we describe how we consolidated and 
visualized the results from the literature analysis to answer 
Research Question 2. From the overview table, model pairs 
were formed based on matches between the outputs of one 
model and the inputs of another model. Gathering every 
possible model pair and category each model belonged to 
resulted in the characteristics of each model.

We did not visualize model inputs without correspond-
ing model outputs and vice versa. Due to the missing links, 
these inputs and outputs do not contribute to answering the 
research question and reduce the clarity of the network. But 
if there was a subset of inputs without corresponding out-
puts, we still displayed the model with all inputs and the 
corresponding outputs. These could be, for example, mental 
images as input for sketches as described by Andreasen et al. 
(2015) or the material behavior in the case of FEM models 
as described by Rajaguru et al. (2010). While the mental 
images are supplied by the designers themselves, the mate-
rial behavior originates from material science and thus does 
not fall within the product models considered in this publica-
tion. Still, other inputs of the FEM model have correspond-
ing outputs of other models, which are, therefore, visualized.

The characteristics of all models were subsequently 
sorted and transformed into a set of tables as inputs for the 
network visualization software Gephi.5 The categories were 

represented as their own type of nodes and linked by undi-
rected graphs. The product models were modeled as different 
types of nodes and linked to each other and the categories 
by directed graphs. If a model belonged to a category with 
sub-categories, the model was only linked to the lowest sub-
category. The link of such a model to the higher category 
was established by the link between the sub-category and 
the higher category. The layout was calculated using the 
force-directed Yifan Hu layout algorithm.6 “Force-directed 
algorithms model the graph layout problem by assigning 
attractive and repulsive forces between vertices [i.e. nodes], 
and finding the optimal layout by minimizing the energy 
of the system” (Hu 2005: 40). This resulted in the product 
model landscape as a mixed network.

3 � Results and discussion

The results and discussion are presented according to the 
structure of the method section. The results of the literature 
search are presented in Sect. 3.1 and discussed in terms of 
the quality of the literature collection as a foundation for 
the following analysis. Section 3.2 presents the results and 
discussion of the literature analysis as an answer to Research 
Question 1. The landscape of product models as the answer 
to Research Question 2 is presented in Sect. 3.3.

3.1 � Literature collection

The literature search was conducted in August 2022. The 
result was 2853 publications after applying the first set of 
inclusion criteria. After applying all inclusion criteria, 26 
publications remained. Table 1 shows an overview of the 
number of publications found in each database per set of 
inclusion criteria. Combining the remaining 26 publica-
tions with the 48 publications identified by Matthiesen 
et al. (2019b) resulted in a literature collection containing 
74 publications.

5  For more information, see Bastian et al. (2009). 6  For more information, see Hu (2005).

Table 1   Number of publications between 2018 and 2022 sorted by databases and sets of inclusion criteria

Databases Total

ASME digital 
collection

Google Scholar IEEE ResearchGate Scopus Web of 
Science

After the first set of inclusion criteria 259 1890 89 218 320 77 2853
After removing the duplicates 159 981 87 136 244 29 1636
After the second set of inclusion criteria 7 28 1 9 32 2 79
After the third set of inclusion criteria – 4 – 4 16 2 26
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Considering the number of publications in the individ-
ual steps across all databases, several aspects are notable. 
The number of publications after the first step is very high 
(2853). We can, therefore, assume that due to the openness 
of the search terms, the majority of the publications rel-
evant to this review have been included into consideration 
in the following steps. From this initial amount, only 0.9% 
of the publications remained in the end. Thereby, the sec-
ond set of inclusion criteria excluded the most publications, 
evaluating the mentioning of a product model or modeling 
process and the context of embodiment design. Based on the 
search terms used, this indicates the presence of many other 
types of models, e.g., process models, or models outside 
of embodiment design. This is consistent with the expecta-
tions based on the breadth of model use in product design 
and models identified in literature reviews alongside product 
models (e.g., Wynn and Clarkson (2018) for process mod-
els). A comparison of the number of remaining publications 
of this search with the number of publications identified by 
Matthiesen et al. (2019b) shows that the number of identified 
publications has increased from 4.8 publications per year in 
the search by Matthiesen et al. (2019b) to 6.5 publications 
per year in the search of this publication. This is in line with 
the expectation given the trend of increasing scientific pub-
lications observed by Bornmann and Mutz (2015). Consider-
ing the institutions involved, in Matthiesen et al. (2019b), the 
corresponding authors of the 48 publications came from 36 
institutions, and the 26 newly identified publications came 
from 13 institutions. Accordingly, the institutions involved in 
the publications have become more concentrated. Neverthe-
less, this is not a situation where a single institution deter-
mines the number of publications or research landscape. 
Hence, the literature collection appears to be an appropriate 
sample based on the number of considered publications.

3.2 � Categories of similar inputs and outputs

The examination of the literature collection containing 74 
publications revealed 52 different product models. The pub-
lications by Zhan and Huang (2018) and Zheng et al. (2017), 
which were adopted from Matthiesen et al. (2019b), were 
excluded as they did not include a product model accord-
ing to the definition used in this review. An overview of the 
product models and associated publications is presented in 
Table 2 in the Appendix. Compared to Matthiesen et al.’s 
(2019b) list including 34 product models, this table contains 
18 more product models. This expansion is partly due to 
new models identified in the 26 additional publications, and 
partly due to the breakdown of frameworks that Matthiesen 
et al. (2019b) counted as one model. For example, the frame-
work of models by He et al. (2013) was subdivided into the 
individual product models contained therein to achieve a 
more thorough examination of the individual models.

The literature analysis resulted in the extension of Table 2 
by inputs and outputs. The subsequent coding steps resulted 
in 11 categories of inputs and 14 categories of outputs. 
Figure 5 and Fig. 6 in the Appendix present the categories 
developed separately based on the inputs and outputs, as 
well as descriptions merged under the categories for tracea-
bility. These figures thus illustrate the merging of differently 
described constructs into overarching categories, as in the 
case of the physical system in Fig. 5 or the relations between 
components in Fig. 6. Combining these categories of similar 
descriptions of inputs and outputs resulted in 17 categories 
across the inputs and outputs which are presented in Fig. 2. 
The hierarchical relations between categories resulted from 
the axial coding step. In addition, Fig. 2 presents the num-
ber of models belonging to each category. Five models did 
not belong to any of the developed categories since none 
of their inputs or outputs could be categorized. These were 

Categories

Graph Representation (16) Tree (3)

Matrix Representation (10)

Physical System (13)

Relations (21) Relations between components (10)

Schematic Representation (3)

Virtual Representation (14) 2D/3D CAD Model (13)
Function Model (16)Function Structure (3)

Decomposition of the product (2)

Drawing (9)
Sketches (4)

Technical Drawing (4)

Components (10)

Attributes (4)

Fig. 2   Categories of inputs and outputs of product models in embodiment design. The number of models belonging to each category is given 
inside the brackets
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four feature-based models by He et al. (2013), where the 
description was limited to the inputs and outputs among each 
other due to the intended use within the same framework. 
Thereby, the description was too specific to be comparable 
to descriptions of other models outside of the framework. 
In addition, there was the SAPPhIRE Model, for which no 
classification was possible due to insufficiently described 
inputs and outputs due to the specific context of the use case.

Concerning the identified product models, an antici-
pated model, i.e., the technical drawing, is missing. Tech-
nical drawings were only mentioned but not sufficiently 
described for inclusion in the table. It can be assumed that 
due to the general and thus presupposed understanding of 
technical drawings in the publications of recent years, a 
new description has been omitted, as well as the interest in 
further research has been limited. Nevertheless, comparing 
the product models included in this sample to the product 
models included in the literature reviews by Matthiesen et al. 
(2019b) and Weidmann et al. (2017) shows a substantial 
overlap of product models in embodiment design, confirm-
ing the appropriateness of this sample.

Considering the diversity of inputs and outputs displayed 
in Table 2, the types of categories derived are particularly 
relevant. The categories correspond to types of representa-
tions, specific models that serve as inputs themselves, as 
well as exchanged information. The representations, e.g., 
graph representation, overlap with the “type of depiction” 
from the state of research used by Matthiesen et al. (2019b) 
and Weidmann et al. (2017) for classification. Thus, the top-
down approach of classification converges with the bottom-
up approach of the grounded theory-based analysis. How-
ever, since the coding steps and thus also the classification 
are based on the similarities of the descriptions of the inputs 
and outputs, there is the possibility of an influence by clas-
sifications from the state of research. Besides, if the authors 
of the product models know the classifications and use them 
for their model descriptions, these classifications also flow 
into the bottom-up classification. In terms of categories cor-
responding to product models, the technical drawing stands 
out in particular, as it did not emerge as a product model. 
Although it was not sufficiently described in any of the pub-
lications, it can still be used as an input for several product 
models and consequently will find its way into the land-
scape of product models as a category. The categories of 
exchanged information, again, show similarities to the state 
of research in which the “type of information” was used in 
the classification. However, with the description of the infor-
mation instead of the type, these are more specific than the 
classes in the state of research. Hence, the derived categories 
cover a wider range of abstraction levels in comparison to 
the state of research, from exchanged information to types of 
representation comparable to classes in the state of research.

Due to the varying abstraction levels, these categories may 
be used for different purposes in model research. The types 
of representation structure the state of research, enabling 
researchers to position newly developed models in compari-
son to existing models and possibly point out blank spaces. 
Specific product models demonstrate frequent inputs and out-
puts in the state of research, such as the Function Structure 
or the Technical Drawing. When developing a new product 
model, these categories can be used as a reference to see 
which models can already be created from frequently used 
inputs and outputs. As references, the models offer the pos-
sibility to adapt or learn from components of the model or 
the way they work with frequently used inputs and outputs.

Summarizing, Table  2 as the result of the literature 
analysis answers Research Question 1, “Which categories 
of similar inputs and outputs of product models in embodi-
ment design can be identified in the literature?” The 17 cat-
egories identified across the inputs and outputs range from 
exchanged information to types of representation. As the 
types of representation converge with the classes known 
in the state of research, especially the categories on lower 
abstraction levels, exchanged information, and specific prod-
uct models, supplement the state of research and provide 
assistance to model developers.

3.3 � Landscape of product models

Consolidating the product models and categories resulted 
in the landscape of product models in embodiment design 
presented in Fig. 3. For readability reasons, only three sec-
tions are represented with labeled product models and cat-
egories. Product models are represented as empty black cir-
cles and categories as filled green squares. As hierarchies 
of categories do not represent links, they are represented 
as undirected dashed green edges. Links starting at prod-
uct models are represented as solid gray edges, while links 
starting at categories are represented as dashed green edges. 
These links between two product models represent the pos-
sibility of using an output of the source model as input for 
the target model of the directed edge. The size of the nodes 
(circles and squares) represents their degree, the number of 
edges connected to a particular node. The network contains 
69 nodes and 183 edges. The average degree of the nodes is 
5.3. The maximum degree is 23 and is found for the 2D/3D 
CAD Model. The Gephi file underlying the network is avail-
able as supplementary material.

Examining the landscape from the perspective of the 
force-directed algorithm underlying the structuring of the 
network, three exemplary areas can be analyzed: (1) the 
arrangement consisting of three nodes at the bottom left, 
(2) the single node with edge to the center at the left cor-
ner, and (3) the model without an edge. The comparison of 
(1) and (2) shows that they are repelled from the center as 
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expected. The greater distance of (1) from the center reflects 
the fact that the arrangement (1) is pushed further away from 
the center by the lack of attraction of the outer nodes. If we 
add (3) to the comparison, the smaller distance of (3) seems 
unjustified due to the lack of an attractive force. Accord-
ingly, a weakness of the structure becomes apparent here, 
since the distance cannot be considered meaningful in this 
individual case and possibly resulted from the algorithm. 
Consequently, the structure and exemplary comparisons 
within the landscape correspond to the expectation as long 
as a determining edge is present. The position of the indi-
vidual model cannot be considered meaningful.

The sections in Fig. 3 illustrate product models with 
varying amounts of links. For discussion, the network can 
be divided into three sectors based on the number of links 
of the product models: surrounding the Graph Representa-
tion category and the 2D/3D CAD Model, there is a center 
of densely linked models (e.g., Design Structure Matrix); 
the center flows into a margin of models (e.g., Function 
Means Tree) that are repeatedly but not as densely linked; 
located away from the center are the satellite sectors, with 
only weak (e.g., Pseudo Rigid Body Model) or the unlinked 
SAPPhIRE/-lite Model. The sectors and mentioned examples 
are pictured in Fig. 4.

The positioning of the 2D/3D CAD Model in or as the 
center based on the highest degree elevates it as a binding 
point even over the categories that emerged from the litera-
ture analysis (see Fig. 2). Thus, the use of a 2D/3D CAD 
Model provides the most possible links for the use with other 
models in embodiment design. As a result, it can serve as a 
linking point, as also described by Danjou et al. (2008), to 
switch between existing models with minimum effort, or as 
an access point to integrate newly developed models into 
the state of research. Although a 2D/3D CAD Model may 
contain additional information in addition to the geometry 
information that is always included, the required information 
for linked models may exceed this. If this information cannot 
be integrated into or transferred by the 2D/3D CAD Model, it 
must be transferred via another interface, possibly the design-
ers themselves. For a more formal transfer, approaches such 
as category theory can be used as they offer more advanced 
expressiveness but require a translation into a mediation lan-
guage (see Breiner et al. 2018; Wisnesky et al. 2017). As a 
result, the effort of switching via the 2D/3D CAD Model as a 
linking point can grow due to additional required information 
until the use of another interface is more efficient.

In the case of the models at the margin in particular, it is 
noticeable that in some cases, for example, the NVH Model 
or Pseudo Rigid Body Model, no link leads back to the 
center. Accordingly, the landscape of product models does 
not include a solution as to how the outputs and findings of 
these models are incorporated back into other models or, for 
that matter, the product design process, as the return is not 

described in the publications. A possible answer is provided in 
the publications by Jones et al. (2020) and Maier et al. (2014), 
who distinguish three types of models: physical, virtual, and 
cognitive/mental models. As cognitive/mental models are 
only conceived by the designer and do not exist in virtual or 
physical space, no cognitive/mental model is included in the 
landscape. This leads to the assumption that for the models 
without a link to the center, the output of the model flows 
back into the design process through a mental model or men-
tal interpretation. In these cases, the contribution or support 
offered by the product models is potentially dependent on the 
individual abilities of the designer using the model. In this 
process, errors such as misinterpretations could occur and 
diminish the value of the product model. For clarification of 
how the outputs and insights of these models are integrated 
back into the product design process and how the potential for 
error can be reduced, additional research is necessary as this 
has been out of the scope of the literature review.

A noticeable feature of the satellite sector is the cluster 
of linked models in the upper right corner of the map. These 
models were all identified in the publication by He et al. 
(2013) and described including their links to each other. 
The positioning apart from the center creates the impres-
sion that in the introductory description of these models, 
more consideration was given to describing the links to one 
another in their own framework than to describing links to 
other product models at the state of research. This results 
in the circumstance that after entering this cluster, there is 
no known way back to the center available as described for 
product models in the margin in the previous paragraph. 
Within the satellite sector, this problem also exists for the 
completely unlinked SAPPhIRE/-lite Model. In the use case 
of this model described by Sarkar et al. (2017), it can be 
seen that this model was used as a data repository within an 
approach for synthesizing designs. Therefore, although the 
model does not link to any other product model in the map, 
it can be integrated into a design process through a suit-
able technical implementation. As a result, due to very few 
explicitly described links to models at the state of research, 
the models in the satellite sector are far from the center, and 
linking possibilities remain partly unknown.

Summarizing, the links identified in the landscape of 
product models in embodiment design (see Fig. 3) answer 
Research Question 2, “Which links between product models 
in embodiment design can be formed based on the inputs and 
outputs from the literature?” Based on the number of links, 
the landscape can be divided into the densely linked center, 
the more loosely linked margin, and the distant satellite sec-
tor. In the center, the 2D/3D CAD Model serves as a linking 
point between different models. In the margin and satellite 
sector, insufficiencies of the descriptions in the literature 
become apparent: In the margin, possibilities to return to 
the center for a continuous design process are not traceable, 
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SAPPhIRE/-lite Model

C&C²-A Model

NVH Model

Pseudo Rigid Body Model

Working Space Model

2D/3D CAD Model

2D/3D CAD Model

FEM Simulation Model

Function-Effort MatrixMultibody System

SysML Extension ArchME

Section I Section II Section III

Section I

Section II

Section III

Fig. 3   Landscape of product models in embodiment design with enhanced labeled sections (Product models = empty black circles; categories of 
inputs and outputs = filled green squares; links starting at product models = solid gray edges; links starting at categories = dashed green edges)
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and in the satellite sector, very few described links result in 
unknown or missing linking possibilities.

4 � Conclusion and outlook

In this contribution, a structured overview of linkable and 
non-linkable product models was developed to capture the 
knowledge of linking possibilities between product models 
for researchers and simplify the integration of newly devel-
oped models into the state of research. For the development 
of the structured overview, two research questions were 

answered concerning the categories of inputs and outputs of 
product models and possible links between the outputs and 
inputs of different models. These research questions were 
answered using a literature review approach, consisting of a 
literature search, grounded theory-based analysis, and visu-
alization. The results, categories of inputs and outputs of 
the identified product models (see Fig. 2), and a landscape 
of product models containing the linking possibilities (see 
Fig. 3) revealed strengths and weaknesses about the state of 
research of product models in embodiment design as well as 
possibilities for future model development.

Satellites Design Structure Matrix

Center

Margin

NVH Model

Pseudo Rigid Body Model 2D/3D CAD Model

SAPPhIRE/-lite Model

Graph Representation

Function Means Tree

Fig. 4   Sectors of the landscape of product models in embodiment 
design with the labeled examples used in the discussion. (Sec-
tors = blue labels; product models = empty black circles; categories 

of inputs and outputs = filled green squares; links starting at product 
models = solid gray edges; links starting at categories = dashed green 
edges)
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Based on the inputs and outputs, common categories 
were derived using a grounded theory-based analysis. The 
categories reflect similarities of different models across 
multiple levels of abstraction. The categories range from 
exchanged information, like relations between components, 
over specific models, like the technical drawing or 2D/3D 
CAD Model, to types of representation, like the graph rep-
resentation. While the types of representation blend into and 
support the existing categories used for classification in the 
state of research, the categories representing a specific prod-
uct model can point to potential references that show how 
frequently used inputs and outputs are worked with.

The consolidation of the identified inputs, outputs, and 
categories delivered a structured landscape of the product 
models in embodiment design. This can be divided from 
the inside out into three sectors: the center, the margin, and 
the satellite sector. With each sector, the degree of linkage 
decreases. A significant position is attributed to the 2D/3D 
CAD Model, which is located in the center and offers the 
most links. Therefore, it offers the possibility to act as a 
linking point in particular towards geometric information 
between product models or a point of entry for newly devel-
oped models. For example, the Integrated Function Model 
is linked via the Design Graph to the 2D/3D CAD Model. 
In this example, the 2D/3D CAD Model is a linking point 
to the Multibody System and FEM Simulation Model. The 
product models located in the margin offer only a few links 
back to the center. As a result, this raises the question of 
how the outputs of these models flow back into the design 
process. Hence, in future research, missing links, especially 
from the margin or satellite sectors to the center, should 
be investigated by example applications of these models 
combined with interviews. In addition, the observation of 
design engineers while using multiple product models can 
be used for gaining further insights into the application of 
links between specific models. In this respect, the data of the 
open-source software Gephi provide a continuously expand-
able knowledge basis for future research projects.

Looking from a user perspective, the landscape is a step 
towards anticipating the use of several product models dur-
ing model selection. Starting from a Bond Graph Model, for 
example, a Behavioral Matrix and a Causal Graph can be 
built, but only for the Behavioral Matrix a link for continua-
tion to a Functional Means Tree is known. Thus, the selection 
of the Behavioral Matrix, as described by Cao and Fu (2011), 
enables the continuation towards the Functional Means Tree 

for the computer-aided generation and evaluation of multi-
ple design concepts. In contrast, building a Causal Graph, as 
described by Mokhtarian et al. (2017), enables a designer to 
analyze design solutions, but no link to the Functional Means 
Tree is known. In this example, the landscape thus allows 
designers to evaluate the model selection with regard to the 
following linking options but not with regard to the purpose of 
the product models. Based on Jones et al. (2020), accelerating 
the transitions can increase the efficiency of the design pro-
cess. Compared to the overviews by Matthiesen et al. (2019b) 
and Weidmann et al. (2017), other information, such as the 
purpose of the application of each product model as defined 
by Andreasen et al. (2015), is not included. As shown in the 
example, the landscape displays which models can be created 
with little effort starting from an existing model. However, it 
does not clarify which of the possible models fits the use case 
and should, therefore, be chosen. To address this issue, the 
purpose of the models or a brief description of the application 
cases of the models has to be integrated into the landscape in 
the future to serve users as a decision-making tool.

5 � Limitations

As a consequence of the applied method, the results and 
conclusions are subject to the following main limitations: 
(1) the literature search is limited to the period after 2008. 
Previously published product models that were not published 
or mentioned again were consequently not included. This 
restriction of the publication period was accepted, as the 
models investigated in the past years are more likely to be 
relevant in future model research; (2) the literature analysis 
is based on the textual and linguistic descriptions of inputs 
and outputs, which means that divergent descriptions of 
the same items were possibly not recognized as equivalent 
in exceptional cases. This limitation was addressed by the 
analysis based on the basic theory. Nevertheless, complete 
recognition cannot be guaranteed.

Appendix

See Table 2 and Figs. 5, 6.
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Input Categories

Matrix Representation

"Behavioral Matrix"
"Design Structure Matrix"
"Matrix Model"

Physical System

"Existing physical system"
"Existing product"
"Existing system"
"Physical reference element"
"Reference system"

Virtual Representation

2D/3D CAD Model

"3D CAD Model"
"CAD Model"

"Mesh file"
"Virtual model"
"Virtual representation of the structural 
components of an existing system"

Graph Representation

"Bond Graph Model"
"Concept Model Graph"

"Design Graph"
"Function Tree"

"Node Link Diagram"

Function Model

Function Structure
"Feature-based function model"

"Function Tree"
"Integrated Function Model"

Drawing

"Schematic Drawing"
Sketches

Technical Drawing

Decomposition of the product

"Hierarchical decomposition of the product"
"Structural decomposition of the system"

Fig. 5   Categories of the inputs of the product models. The categories are illustrated in boxes and underneath are grouped descriptions without a 
box in italics
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Output Categories

Matrix Representation

"Design Matrix"
"Design Structure Matrix"
"Function-Effort-Matrix"
"Matrix Model"
"Matrix representation of a System Graph"
"Matrix representation of the CPM diagram"

Physical System

"[...] digital embodiment of critical 
elements of the intended design"

Relations

Relations between components

"Cause-effect relationships between variables"
"Connections"

"Connections between the components"

"Interactions between the top-level product 
object and external objects"
"Interacts with"

"Interrelation mechanisms between components"
"Links between actors"

"Physical relationships between components"
"Functional interactions"
"Interrelations between different functions"
"Mathematical formula expressing the 
functional relation between parameters"
"Product topology"
"Relationships between the input and 
output state of a system"
"Relations between working spaces"

Schematic Representation

"Wirk-nets (C&C²-Models)"

Virtual Representation

2D/3D CAD Model

"CAD Model"

"Physical [...] embodiment of critical 
elements of the intended design"
"Realistic computer simulation of a 
product incl. needed functionalities"

Graph Representation

"Bond Graph Model"
"Causal Graph"

"Concept Model Graph"
"Connectivity Graph"

"Design Graph"
"Node Link Diagram"

"Parametric Associativity Graph"
"System Graph"

Tree

"Design Tree"

"Function-Means-Tree"
"Function Tree"

Function Model

"Enhanced function-means model"
"Feature -based functional model"

"Function Analysis Diagram Plus"
"Functional Sketch"

"Function-Effort-Matrix"
"Function-Means-Tree"

"Function Structure"
"Function Tree"

"Integrated Function Model"
"Kinematic Function Model"

Drawing

"2D PDF Drawing"
"Functional Sketch"

Sketches

Components

"Components objects"
"Elements"

Attributes

"Object attributes"

Fig. 6   Categories of the outputs of the product models. The categories are illustrated in boxes and underneath are grouped descriptions without a 
box in italics
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