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Abstract: Digital twins have gained a lot of interest in recent years. This paper presents a survey
among researchers and engineers with expertise in variation management confirming the interest
of digital twins in this area. The survey shows, however, a gap between future research interest
in academia and industry, identifying a larger need in industry. This indicates that there are some
barriers in the industry to overcome before the benefits of a digital twin for variation management
and geometry assurance can be fully capitalized on in an industrial context. To identify those barriers
and challenges, an extensive interview study with engineers from eight different companies in the
manufacturing sectors was accomplished. The analysis identifies industrial challenges in the areas
of system-level, simulation working process, management issues, and education. One of the main
challenges is to keep the 3D models fully updated, including keeping track of changes during the
product development process and also feedback changes during full production to the development
engineers. This is a part of what is called the digital thread, which is also addressed in this paper.
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1. Introduction

Variation is an unavoidable element in mass-production. If not handled properly, variation can
cause problems and significantly increase costs. Variation management is a broad term, relating
to different methods to handle, and reduce the effects of, variation. In this paper, the focus is on
geometrical variation. Problems related to geometrical variation usually constitute a significant part of
the total cost for poor quality, sometimes up to 40% of the total cost for a manufacturing company in
the form of delays, scrap, repair, rework, unsatisfied customers, and warranties [1,2].

Methods to reduce the effects of geometrical variation are sometimes referred to as geometry
assurance. Additionally, terms such as tolerance analysis and tolerance management are used. Geometry
assurance activities can be executed in different phases of the product realization cycle and cover
areas such as the design of locating schemes/fixture layout, variation simulation, tolerance analysis,
and inspection.

The digital revolution is expected to have a huge impact on the manufacturing industry in the
coming years. Industry 4.0, increased digitalization, and access to an increased amount of data also
open up for new methods and tools for geometry assurance, such as real-time process optimization
using digital twins [3].
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This paper aims at, from a standpoint in the current and future research areas and industrial
needs, to identify the challenges, mainly in terms of processes and data flows, that need to be in place
to fully capitalize on the possibilities offered by digital twins for zero-defect manufacturing.

A survey was distributed to experts in variation and tolerance management in academia and
industry to identify the gap between research areas and needs, today and in the future. Not very
surprisingly, this survey pointed out an increased demand for digital twins for improved geometrical
quality. A deeper analysis using on-site interviews with over 40 geometry engineers from eight Swedish
and Danish companies within the manufacturing sector was then conducted. The purpose of this more
detailed study was to increase the understanding of the industrial needs and challenges related to the
implementation of digital twins. Those results are the main contribution of the paper.

In the remaining part of the introduction, the basics of geometry assurance are described.

1.1. Geometry Assurance

Geometry assurance is a term describing a set of activities, all aiming to improve the geometrical
quality of an assembled product. The geometrical quality affects both the esthetical and functional
requirements of the final product. Usually, the maximum geometrical variation allowed in a certain
dimension on the product is specified with a tolerance.

The geometry assurance activities start in the early design phases of the product realization
process with tasks such as locating scheme optimization to secure a robust positioning system during
the joining of parts and variation simulations to predict the variation in the critical dimensions of the
final assembly. Inputs to the variation simulation are part geometries, information about joining and
fixturing and inspection data, or suggested tolerances on the part level. The analysis is done iteratively
to find a reasonable set of part tolerances, i.e., finding limits for maximum allowed variations on the
part level at an acceptable cost. The simulation is sometimes based on the assumption that parts are
rigid [4], and sometimes, the flexibility of, for example, sheet metal parts is included [5,6]. The latter
one usually improves the simulation accuracy [5] and makes it possible to include clamping and joining
forces, different material characteristics, joining processes, etc.

The variation simulation can be done in a standalone CAT (computer-aided tolerancing) software,
such as RD&T [7], or integrated into the CAD system, as, for example, 3DCS [8]. Both setups are widely
used industrially and have their pros and cons.

1.2. Scope of the Paper

This paper focuses on pinpointing future research and industrial needs within the area of variation
management and geometry assurance. Digital twins are identified as an important area, and challenges,
limitations, and requirements related to the implementation of digital twins for geometry assurance in
the industry are identified and discussed.

In Section 2, the survey aiming to identify gaps between current and future research areas and
needs is presented. Digital twins for geometry assurance are discussed in Section 3, and the interview
setup and methods are described in Section 4. The findings are presented in Section 5, and challenges
related to the implementation of a digital twin in an industrial context are highlighted in Section 6.
This is followed by discussions and conclusions in Sections 7 and 8, respectively.

2. Materials and Methods

As a starting point for this work, a questionnaire was distributed among experienced researchers
and engineers in the areas of tolerance analysis and geometry assurance. The purpose was to identify
what research topics are perceived as most important today and in the future and, also, what the
industrial status and needs are today and in the future.
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2.1. Questions

A number of questions considering background variables were posed. Those questions gathered
information about age, gender, years of experience in tolerance analysis, affiliation (industry or
academia), and what continent the respondent lives on. This information, together with the answers to
the four questions below, will be used for the analysis in this section:

1. Describe the area of tolerancing research of today by choosing a maximum of 4 keywords
from below.

2. Describe the area of tolerancing in the industry of today by choosing a maximum of 4 keywords
from below.

3. Describe important areas of future tolerancing research by choosing a maximum of 4 keywords
from below.

4. Describe important areas of future industrial development by choosing a maximum of
4 keywords from below.

The keywords to choose between were the same for all four questions and can be seen below.

a. Tolerance specification
b. Tolerance synthesis
c. Tolerance analysis and evaluation
d. Inspection and Metrology
e. Simulation
f. Digital twins
g. Zero-defect manufacturing and

self-compensation
h. Digital thread (seamless digital flow of

tolerance information)

i. Tolerance management process
j. New materials (composites, etc.)
k. New manufacturing methods (AM, etc.)
l. Perceived Quality
m. Visualization
n. Industry 4.0
o. Robust Design
p. Education—basic level
q. Education—lifelong learning
r. Other:

2.2. Statistical Analysis and Method

This digital questionnaire was distributed among participants of the European Group of Research
in Tolerancing (E-GRT) Biannual Seminar 2019 and other researchers and industrial engineers with
an expertise in tolerance analysis and variation management. In total, 43 answers were collected.
Information about the background variable responses can be seen in Table 1. For age and years of
experience in tolerancing, the respondents could choose between different alternatives presented in
the form of intervals. The midpoints of the intervals were used in the calculation of the average values
presented in Table 1.

Table 1. Background information of respondents.

Number of
Respondents Gender Average

Age
Average Years of

Experience in Tolerancing Continent Affiliation

43 Male: 37
Female: 6 40 9.8 Europe: 32

Asia: 11
Academia: 26
Industry: 17

The answers to the questions posed above were analyzed with the purpose to see the participants’
opinions about current focus areas and future needs in research and the industry. To analyze the
frequency differences among different answers, a Cochran Q test was employed. This statistical test is
a nonparametric test for related categories with binary responses [9]. The related categories are the
questions (a)–(r). This test can determine if there is a significant difference between the categories.
The test statistic, for binary responses Yij, i = 1, . . . , n, and j = 1, . . . , k, is:

Q =
(k− 1)

(
kC− T2

)
kT −R

(1)
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The variables are: n: number of respondents, and k: the number of questions.

C =
k∑

j=1

 n∑
i=1

Yi, j

2

T =
n∑

i=1

k∑
j=1

Yi, j

R =
n∑

i=1

 k∑
j=1

Yi, j


2

The Q statistic follows approximately a χ2-distribution with k − 1 degrees of freedom. This
approximation is considered valid if n > 4 and/or nk > 24. Here, n = 43, and k = 18.

The Cochran Q test is used to test whether there is a difference between any of the different
categories. To point out what categories significantly differ from the other, a minimum required
difference (MRD) test is used with Bonferroni adjustments to compensate for repeated tests [9].
The MRD is calculated as:

MRD = zadj

√
2

kT −R
n2k(k− 1)

(2)

where zadj is the value of (1 − αadj/2) in a standard normal distribution. The MRD is based on
pairwise observations.

When comparing answers to the same question, with filtering based on the affiliation of the
respondent, another test needs to be used. In this case, a standard z-test with pooled variance will be
used [10]. This test compares the proportions, pi and pj, respectively, of positive answers to a certain
question and test the hypothesis

H0 : pi = p j

for two groups, i and j.

2.3. Results

Using the Cochran Q test previously described, it can be shown that there are significant differences
between the alternatives (a)–(q) for all four questions: (1)–(4). The p-values for each question are all
below 10−7. For a deeper analysis of what categories (a)–(q) actually have a significant difference, the
MRD is applied.

In Figure 1, the results from the survey are shown. Some observations can be made.

• In research today (left chart, blue bars), the most popular areas are simulation (e) and digital twins
(f). For simulation (e), the MRD test shows that there is a significant difference (α = 0.05) to all
other categories except (c) and (f).

• In the industry today (left chart, red bars), the most popular areas are tolerance analysis and
evaluation (c), followed by tolerance specification (a) and simulation (e). For (c), the MRD shows
that there is a significant difference (α = 0.05) to all other categories.

• For the future (right chart), digital twins (f) are considered highly important in both research and
the industry. This is also true for simulation (e), new manufacturing methods (k), and Industry
4.0 (n). For research and digital twins (f)), the MRD shows that there is a significant difference
(α = 0.05) to all other categories except (e). For the industry and (f), the MRD test shows that there
is a significant difference (α = 0.05) to all other categories except (e), (g), (k), and (n).

To see the differences between the situation today and future needs, the differences between
the answers are compared (see Figure 2). This illustrates the increased need of (f) (digital twins), g
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(zero-defect manufacturing), k (new manufacturing methods), and n (Industry 4.0), especially in the
industry. For digital twins (f) it can be noted that the increased need for industrial development is
not matched by an equally large increase in future research. Digital twins are already a hot research
topic, as seen in the left part of Figure 1, and the challenge is the applicability of the digital twin
framework in the industry. This will be the focus of a more in-depth interview study, presented in the
following sections.
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Figure 1. Responses to questions (1)–(4). The left part shows what areas are believed important today
in research (blue) and the industry (red). The right part shows what areas are believed to be important
in the future.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 16 

Figure 1. Responses to questions (1)–(4). The left part shows what areas are believed important today 

in research (blue) and the industry (red). The right part shows what areas are believed to be important 

in the future. 

 In research today (left chart, blue bars), the most popular areas are simulation (e) and digital 

twins (f). For simulation (e), the MRD test shows that there is a significant difference (α = 0.05) 

to all other categories except (c) and (f). 

 In the industry today (left chart, red bars), the most popular areas are tolerance analysis and 

evaluation (c), followed by tolerance specification (a) and simulation (e). For (c), the MRD shows 

that there is a significant difference (α = 0.05) to all other categories. 

 For the future (right chart), digital twins (f) are considered highly important in both research 

and the industry. This is also true for simulation (e), new manufacturing methods (k), and 

Industry 4.0 (n). For research and digital twins (f)), the MRD shows that there is a significant 

difference (α = 0.05) to all other categories except (e). For the industry and (f), the MRD test 

shows that there is a significant difference (α = 0.05) to all other categories except (e), (g), (k), and 

(n).  

To see the differences between the situation today and future needs, the differences between the 

answers are compared (see Figure 2). This illustrates the increased need of (f) (digital twins), g (zero-

defect manufacturing), k (new manufacturing methods), and n (Industry 4.0), especially in the 

industry. For digital twins (f) it can be noted that the increased need for industrial development is 

not matched by an equally large increase in future research. Digital twins are already a hot research 

topic, as seen in the left part of Figure 1, and the challenge is the applicability of the digital twin 

framework in the industry. This will be the focus of a more in-depth interview study, presented in 

the following sections. 

 

Figure 2. Gap between the future’s and today’s research and development needs in research (blue 

bars) and the industry (red bars). 

Other interesting observations from the survey can be reached if the data is filtered based on the 

affiliation of the respondents (see Figure 3).  

Figure 2. Gap between the future’s and today’s research and development needs in research (blue bars)
and the industry (red bars).

Other interesting observations from the survey can be reached if the data is filtered based on the
affiliation of the respondents (see Figure 3).
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Figure 3. Responses filtered based on the affiliations of the respondents. Significant differences, using
α = 0.10, are encircled.

By filtering data into groups, the sample size for each group decreases, and therefore, not all
differences are statistically significant. The z-test introduced in Section 2.2 is used to test for significance.
Significant differences, using α = 0.10, are encircled in Figure 3.

Some observations about the future:

• For research in the future, digital twins are highly valued in both academia and the industry.
The significant differences are found in (c) (tolerance analysis and evaluation, (e) (simulation), and
(g) (zero-defect manufacturing), which all are considered to be more important among employees
in academia. On the other hand, (a) (tolerance specification) and (j) (new materials) are considered
more important among industrialists than academics.

• For the industry in the future, the top priority is, again, digital twins. There is a higher level of
agreement between people from academia and the industry in this area compared to research in the
future, with significant differences only in (a) (tolerance specification), (b) (tolerances synthesis),
and (o) (robust design).

In general, it can, based on the study, be concluded that digital twins are one of the most important
areas within variation management. Today, it is most important in research, and in the future, it will
become very important also in the industry, with an increased industrial need for development of the
digital twins. In the next section, the meaning of a digital twin from a geometry assurance point of
view is explained.

3. Digital Twin Framework for Geometry Assurance

The digitization of manufacturing is increasing. In the manufacturing business, 68% of the
companies in a recent study stated that digital manufacturing is a top priority [11]. The number was
even higher in countries such as India (94%) and China (87%). It is, however, also reported that the
expected benefits are perhaps not yet fully reached. In the context of Industry 4.0, digitals twins are
seen as one of the top ten technology strategic trends, according to Gartner Research [12], and various
potential applications of digital twins along the product life-cycle have been identified [13,14].

A digital twin is a digital replica of a physical entity. In manufacturing, the terms digital model,
digital shadow, and digital twin are used to indicate different levels of data exchange [15]. A digital
model is a digital representation of a physical part or assembly without data exchange, a digital shadow
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enables a one-way data flow between the physical and virtual representations of an object, while a
digital twin allows for a bi-directional automatic data exchange between the physical and virtual
representation. In this regard, different reference models for digital twins have been proposed, such as
in [16], considering important properties, such as model scalability, interoperability, expansibility, and
fidelity. Most likely, a family of digital twins is needed to achieve optimized products and production
flow, where each twin has its own purpose. The digital twins must represent both the product and the
production system. As stated in [17], multi-scale analyses and distributed decisions will be required
for optimizing the activities on the shop floor, as well as processes, resources, and machines. In many
cases, digital twins will be interlinked. For example, the digital twin for geometry assurance described
below must be linked to twins controlling the assembly cell equipment.

For the geometry assurance application, a digital twin approach was presented by
Söderberg et al. [3]. This approach is also adopted in this paper. It was suggested that the simulation
models, used in the design phases, can be reused and fed with inspection data during full production
to do real-time individualized optimization of the assembly process to reach high-quality products.
In Figure 4, an overview of the idea can be seen.
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The idea is that two parts, A and B, are inspected using, for example, 3D scanning. This data is
fed into the simulation model, which constitutes the kernel of the digital twin, to match individual
parts over a batch of parts to minimize the geometrical deviation and variation of the assembly of A/B.
This is also referred to as selective assembly [18]. Furthermore, the joining process can be optimized
with respect to geometrical quality. Locators can be adjusted [19], and spot welding sequences can be
optimized [20] for each individual assembly. By those suggested adjustments, the geometrical quality
of the assembly can be improved without changing the tolerances of the parts, which is beneficial from
a cost perspective.

With this approach, studies on several industrial cases have shown that the variation of the final
subassembly can be reduced up to 50%, compared to when no adjustments are done [18–20].

With the labeling digital model, digital shadow, and digital twin mentioned at the beginning of
this section, a digital twin for geometry assurance can be interpreted as:

1. a digital model, containing all nominal information about parts and assembly and joining
processes. The model must also provide simulation capabilities.

2. input to the digital model about deviations from nominal values on the part and process levels.
3. output from the digital model to adjust the assembly and joining processes.

Those three pillars constitute together a digital twin.

3.1. Digital Twin—The Digital Model

As stated in [21], modeling and simulation are key aspects to implement a digital twin. To build the
digital model, which is the core of the digital twin depicted in Figure 4, information about the joining
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and assembly process, part geometries, and other characteristics are needed. Using this information, a
variation simulation model can be built. In the approach suggested in [3], the commercial software
RD&T was used. This digital model is capable of relating deviation and/or variation on the part level
to the deviation and/or variation on the assembly level.

Nominal dimensions, surface textures, material data, etc., which can constitute the input to build
the digital model and complement the 3D model of a part, are sometimes referred to as product
manufacturing information (PMI), according to ISO 16792. The use and development of PMI are,
to some extent, driven by the fact that the 3D models successively are replacing 2D drawings [22]. This
is beneficial not only due to its potential to reduce the amount of time dedicated to producing 2D
drawings but also since the accuracy is supposed to increase.

Hedberg et al. [23] and other researchers at NIST (National Institute of Standards and Technology)
discussed a digital model-based definition (MBD) for engineering tasks in manufacturing and inspection
phases. This relates to the concept of a digital thread, which referrers to the digital information and data
flow between different product realization phases. The digital thread provides important information
to the digital model.

The 2017 ISO 1101 tolerancing standard allows for more precise tolerance definitions, which are
independent of the viewing plane, and also supports the digital thread.

From a geometry assurance perspective, the digital thread must allow for a cohesive digital
information flow between all activities related to product geometries, requirements, fixtures, and
assembly cell layouts. This will be the focus of the interviews presented in Section 4.

3.2. Digital Twin—The Input Data

Scan data of the individual parts constitute the input to the digital model and can also be seen as
a part of the digital thread. Given part deviations, adjustments adapted to a certain set of parts, A/B,
can be predicted using the digital model. Of course, the scan data needs to be accurate and reliable.
Scan data can be mapped to the nominal finite element meshes of the parts. Aspects of the scan data as
the input to a digital twin for geometry assurance are discussed in [24] and are not the main focus of
this paper.

3.3. Digital Twin—The Output Data

By feeding the digital model with inspection data, optimal locator adjustments and optimal
spot-welding sequences can be determined. This constitutes the output from the digital model and is,
of course, an important part of the digital twin. A suggestion of how to handle the data flow between
the digital model and the assembly cell is presented in [25].

4. Interviews

To clarify the industrial state of the art and future needs regarding geometry assurance and digital
twins, semi-structured interviews with over 40 engineers at eight Swedish and Danish companies in
the manufacturing sector have been conducted.

The presented findings are focused on the information needed to build the digital model, using the
terminology introduced in the previous section. However, to not limit the scope of the interviews and
risk missing important aspects of the digital model and the simulation procedure, the whole geometry
assurance loop is addressed. The importance of acknowledging interactions between different systems
in a digital twin context is also highlighted in [26].

The engineers participating in the interviews work with geometry assurance or on a more general
level with product development. Managers responsible for geometry assurance at the different
companies were contacted, and they helped to select suitable interviewees. The interviewees were
chosen based on their high competence and long experience in the area.



Appl. Sci. 2020, 10, 3342 9 of 16

The base assumption of the interviews is that there exists a product development process containing
concept, planning, and production phases. At most companies, this process is further detailed with
gates and subphases [27,28].

A digital model, which will be the core of a digital twin, should be developed, reused, and
updated in the different phases of the product development process in order to provide as much
value as possible. Therefore, the respondents of the interviews were asked about the current situation
regarding different gates and goals related to geometry assurance in the different phases (see Figure 5).
They were also asked about the responsibilities of different roles, about input and output data for the
different activities, and what (software) tools they use. The guide in Figure 5 was filled out together
with an identical form reflecting what an ideal situation for the geometry assurance activities should
look like in the future.
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As a part of the preparations for the interviews, the form, used as a guide during the interviews,
was developed according to the recommended steps for a semi-structured interview described in [29].
Those steps are:

(1) identifying the prerequisites for the interviews.

In this step, the general procedure for the interviews was outlined. The ability to focus on issues
being meaningful for the participants and also to allow diverse perceptions to be expressed were
taken into consideration [30]. The companies participating in the study were contacted. All contacted
companies accepted the interview invitation.

(2) retrieving and using previous knowledge.

Previous research in the area was investigated. The two interviewers had long (over 15 years)
experience of research in the area.

(3) formulating the preliminary semi-structured interview guide.

The form illustrated in Figure 5 was developed. This form provided a framework for the interview
and allowed easy movement from question to question, which was beneficial for the results [31] but,
also, the possibility to dive deep into certain topics.

(4) pilot testing the interview guide.
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To confirm the relevance of the developed interview guide, the questions were tested on an
experienced engineer with many years of experience as a consultant within geometry assurance. Some
small adjustments were made to make the questions clearer.

The interviews were held by two interviewers to reduced bias introduced during the interview.
Before the interview started, its purpose and format were clarified. The respondents were free to
elaborate on the questions, and follow-up questions were used to clarify answers.

After the interviews, the results were analyzed. One person took notes during the interviews and
immediately afterward, those notes were clarified and validated with the other interviewer.

5. Results: The Geometry Assurance Process Today

In this section, the results from the interviews reflecting the present situation for the three main
product realization phases are presented. An overview of the results can be found in Figure 6. In the
figure, the different activities (middle) are listed together with the input required for the activity (top),
as well as the output generated from the activity (bottom).
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5.1. The Concept Phase

For most companies in the study, the geometry assurance process starts with some kind of
evaluation of concepts suggested by the design department. The suggested concepts are based on
customer demands and other requirements and, to a large extent, also on experiences from previously
produced models and projects.

The geometry engineers check if the suggested concept(s) can be built with reasonable geometrical
quality (see 1O, Figure 6). At this first stage, the evaluation is usually based on discussions, previous
experiences, and sometimes, also on simple styling surfaces. The positions of the split-lines between
parts affect both the visual sensitivity to variation and the level of geometrical variation in, for example,
a weld between two parts [32].

The choice of locating scheme ( 2O, Figure 6) is critical for the geometry assurance process.
The locating scheme, used to fixate parts during assembly, must lock all degrees of freedom of a part
and should be as robust as possible to variation. At this stage in the process, there usually exists a
(not-so-detailed) CAD model of the part. This is exported from the CAD system in a neutral triangular
format (often WRL or JT) and used in a variation simulation software to evaluate robustness. At the
companies in this study, RD&T [7] is the most commonly used software. The suggested locating
schemes are documented in reports and 2D drawings generated from the CAT tool. At one of the
companies in the study, the produced results were linked to the 3D digital model.

The next main step is to define the tolerances on the parts ( 3O, Figure 6). The goal is to find
tolerances such that the final requirements on the product can be fulfilled but, at the same time, keep
costs down. Again, triangular representations of the CAD model are used as the input, together with
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old inspection data (from similar concepts), if available. The analysis is done using variation simulation
software to predict the final variation on the product (or subassembly) level or by simplified analyses
in Excel or similar. The predicted variation is compared with the requirement on the product level,
and the process is iterated until satisfactory results are obtained. Of course, experiences from previous
projects are also important input. The output is the part tolerances described in a variation simulation
model and/or on 2D drawings.

5.2. The Planning Phase

In the planning, or verification, phase, the interviews focused on system verification activities
from a geometry assurance perspective and on inspection preparation.

The system verification ( 4O, Figure 6) is often done through physical tests and try-outs. This is to
complement and extend learnings from simulations. Of course, it would be desirable to reduce, or
even exclude, the physical tests and rely only on simulations. This is a matter of “virtual trust” (i.e.,
trust in simulated results), a topic discussed in the following sections. Changes are done to increase
producibility and quality. The changes can include minor changes of the geometries and changes of
tolerances, fixtures/locating schemes, joining sequences, etc. After those changes, it is of course very
important to update the CAD models and other information in the digital model and the digital thread.

One of the companies reported ongoing work to replace physical trimming, where a part is
positioned in a checking fixture to control the shape of the flanges, with a virtual method based on the
variation simulation model [33]. This is something that most companies want to do, but most of them
are not there yet. Physical tests are expensive and should be kept to a minimum. At one of the bigger
companies, it was reported that over 180 persons work with handling the most acute geometry-related
problems exposed during system verification.

The inspection preparation ( 5O, Figure 6) is an activity where the practices at the companies differ
a lot. Some companies set inspection points according to the final requirements defined earlier and
complement this with process points to monitor the process. At other companies, the chain from the
final requirements to inspection points is not that clear. The inspection point preparation is done by
the design engineer. Other aspects mentioned were that it is bad practice to do an inspection point
preparation leading to points that cannot be evaluated/measured in a good way, that it is difficult to
measure very flexible parts (due to effects from gravity), and that the number of inspection points often
is too large and lead to difficulties in the evaluation and storage of data. Inspections are also associated
with a cost, and it is desirable to keep the number of inspection points to a minimum. At the more
advanced companies, 3D scanning is mixed with a CMM (Coordinate Measuring Machine) inspection.
At other companies, gauges and other manual inspection tools are used.

For the digital thread, it is important to update the 3D models with inspection point coordinates.
This is not always done. Quite often, an inspection point report is generated in PDF or similar, but the
information is not fed into the CAD system.

5.3. The Full Production Phase

During full production, the geometry assurance activities are supposed to subside. Most of the
geometry assurances should be preventive work in the early phases to make sure that the product and
the processes are robust to variation. There are, however, always issues arising, and root causes of
deviations and variations must be identified, and changes in the process should be documented ( 6O,
Figure 6).

Often, design changes done during full production are not brought back to the design engineers
in a systematic way. There can be local systems, logs, and documentation, but it is not fully integrated
into the design process. Therefore, it is a risk of repeating mistakes in future projects. Moreover, there
is a disagreement between the virtual models and the physical world, and the generated inspection
data will not fully reflect the virtual models. This has also been addressed in [34].
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The importance of a good inspection database was mentioned at several companies. They used
systems like QSYS [35] and CM4D [36] but were still missing some company-specific features. It can
be concluded that the inspection database needs to be adapted to specific company requirements but,
also, that different users have different needs and demands.

6. Results: Challenges Related to the Implementation of a Digital Twin

The future needs, identified during the interviews, that should be addressed to achieve a
comprehensive digital twin for geometry assurance, are listed below. They can be divided into four
different categories: system level, simulation working process, management issues, and education.
The needs are further discussed in Section 7.

System-Level

(a) The major future needing identified at all the companies is a fully updated 3D digital model
developing through all the phases in the product realization process. This is outlined in Figure 7.
All activities and changes that affect the geometry of a part should also be brought back to the 3D
digital model of the product, securing an always-updated and true geometrical representation of
the actual produced part. This is today not the case at the companies in the study.

The 3D model should be updated when new information is available during the product realization
process. Besides changes in geometry, locator positions, tolerances, and inspection point positions
should also be linked to and updated in the 3D model.

Simulation Working Process

(b) Assembly models for variation simulations done in the early concept phases should be reused
and refined during the planning phase. Today, usually new models are created, due to differences
in modeling structures and working procedures. This is not only ineffective, but it can also lead
to inaccurate information and misunderstandings due to model differences.

(c) The decomposition of final requirements to critical dimensions on the parts, done in the early
concept phase, should be reused to a greater extent during inspection preparation in the
planning phase.

(d) Simulation must be seen as one of the customers to inspection data, and the inspection should
be adapted to this. This is necessary to provide high-quality input to the digital model and to
achieve a complete digital twin.

(e) An individual digital twin of the product should be developed/kept for following-up purposes
and for predicting maintenance.

(f) “Virtual trust” needs to improve.

Management Issues

(g) The design engineers need access to the production inspection data.
(h) There should be a generic project manning for all projects to secure that all aspects (including

geometry assurance) are fully covered. This is not related to the digital twin concept but is
included for completeness.

(i) Communication within the companies needs to improve. The design engineers are seldom willing
to change their concepts to fit production capacity.

(j) People’s willingness to change is sometimes low and needs to improve.
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Education

(k) Education at universities should cover tolerancing and knowledge in geometry assurance to
a greater extent. This finding is also supported by unstructured interviews with experts from
German automotive suppliers, who reported that more attention should be paid to education in
tolerancing and geometry assurance at universities. More particularly, the students should be
introduced to the different steps of the geometry assurance process (as highlighted in previous
sections) to fully understand the importance, interdependencies, and repercussions of tolerancing
decisions on product quality and cost. Additionally, to cope with the challenges of a digitized
design and manufacturing environment, students will need more knowledge and competencies
regarding model-based definition workflows and the digital thread in geometry assurance in
the future.Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 16 
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7. Discussion

Among the identified needs listed in Section 6, the main need related to increase the use of digital
twins and the digital thread supporting them is point (a) on the system level, the continuous update of
the 3D models. If the 3D models only reflect the as-planned and not the as-fabricated product data,
there is a huge risk for costly mistakes when using them in a digital twin concept. It is also difficult
to learn from previous projects and improve new products without an updated 3D digital model.
The reason for this lack of updated models might be practical, since some geometry assurance (and
other) analyses are based on neutral triangular formats, such as WRL or JT, and the output might be 2D
drawings or text files, not an updated version of the 3D model. Attempts to overcome this could be to
use neutral formats—for example, STEP files—as both the input and output from variation simulation
software. The STEP files can then be read into the CAD system again to update the geometry models.
STEP files support PMI but not all GD&T concepts. An MBD approach where no 2D drawings are
used, but the 3D models are the basis, removes some of the problems.

The CAT tool must be able to exchange information with the CAD system (and probably also the
PDM/PLM system) regarding:

• geometry and material data,
• tolerances,
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• locators (position/direction), and
• inspection points (position/direction) and inspection data.

The information can be exchanged directly or via the PDM system. It is also important to be able
to quickly remesh the 3D geometries after changes [37].

The issues related to the simulation working process are also related to the development of the
digital model. To improve “virtual trust”, the simulation must be based on correct models and reflect
reality. Updated 3D models and a clear digital thread are important aspects of this. Moreover, the
inspection data used as the input to a digital twin must be of good quality. As stated, the simulation
must be seen as a customer of the inspection data. For nonrigid parts, this means that the parts
cannot be measured in an overconstrained position, which is usually the case. Instead, they should
be measured by locking in only rigid body motions [38] to give a good representation of their actual
shape. In that way, the variation simulation can predict the spring-back and the final shape of an
assembly. Aspects related to how to choose the inspection points with maximum information content
are discussed in [24,39]. Other factors affecting the accuracy of the simulation, and thereby the virtual
trust, are listed in [5].

In the future, the interviewees state that a non-nominal digital twin of each individual product
is desirable. This is also in line with the results of the survey presented in Section 2. If inspection
data is linked to individual products via the digital thread, maintenance can be customized for each
individual, which is especially beneficial for high-cost products.

Other aspects given in the list (g)–(k) are related to management and the education system. This
is in line with the conclusions in [40]. Those aspects are not core parts of achieving a digital twin, but
to use the full potential of a digital twin, they are probably necessary.

8. Conclusions

To conclude, a digital twin for geometry assurance shows great improvement potential. Examples
have shown a reduction of variation on the assembly level with up to 50% compared to a standard
joining and assembly process, without individual adjustments and optimization. However, there are
barriers that the industry must overcome in order to fully capitalize on those potential improvements.
Those barriers are mainly related to the lack of processes for updates and the sharing of the 3D models.
Those models must be updated with all changes done during both the development and full production
phases. To achieve a complete and reliable digital twin, inspection data must be of high quality and
linked to the 3D models. Moreover, universities and research institutions have to elaborate on the
underlying digital twin technologies and educational programs for engineers of the future to fully
utilize the benefits of a digital twin.

Author Contributions: K.W.: conceptualization, methodology, formal analysis, investigation, and writing—original
draft; R.S.: conceptualization, investigation, and writing—review; B.S.: investigation and writing—review;
and H.W.: investigation and writing—review. All authors have read and agreed to the published version of
the manuscript.

Funding: The work was carried out at Wingquist Laboratory and the Area of Advance Production at Chalmers
within the project “Digital Tvilling”, financed by Vinnova. This support is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Taisch, M. The 2018 World Manufacturing Forum Report, Recommendations for the Future of Manufacturing; World
Manufacturing Forum: Cernobbio, Italy, 2018; ISBN 978-88-94386-1-0-3.

2. Thornton, A.C. Variation Risk Management: Focusing Quality Improvements in Product Development and Production;
John Wiley & Sons: Hoboken, NJ, USA, 2004.



Appl. Sci. 2020, 10, 3342 15 of 16

3. Söderberg, R.; Wärmefjord, K.; Carlson, J.S.; Lindkvist, L. Toward a Digital Twin for real-time geometry
assurance in individualized production. CIRP Ann. 2017, 66, 137–140. [CrossRef]

4. Marziale, M.; Polini, W. Review of variational models for tolerance analysis of an assembly. Proc. Inst. Mech.
Eng. Part. B J. Eng. Manuf. 2011, 225, 305–318. [CrossRef]

5. Wärmefjord, K.; Söderberg, R.; Lindau, B.; Lindkvist, L.; Lorin, S. Joining in nonrigid variation simulation.
In Computer-Aided Technologies-Applications in Engineering and Medicine; IntechOpen: Rijeka, Croatia, 2016.

6. Falgarone, H.; Thiébaut, F.; Coloos, J.; Mathieu, L. Variation simulation during assembly of non-rigid
components. Realistic assembly simulation with ANATOLEFLEX software. Procedia CIRP 2016, 43, 202–207.
[CrossRef]

7. RD&T Technology. RD&T Webpage. Available online: http://rdnt.se/ (accessed on 8 April 2018).
8. DCS Webpage. Available online: http://www.3dcs.com/ (accessed on 8 March 2020).
9. Sheskin, D.J. Handbook of Parametric and Nonparametric Statistical Procedures; Chapman and Hall/CRC:

Boca Raton, FL, USA, 2003.
10. Larsen, R.J.; Marx, M.L. An Introduction to Mathematical Statistics and Its Applications; Prentice Hall:

Upper Saddle River, NJ, USA, 2001; Volume 5.
11. McKinsey. Report: Digital Manufacturing–Escaping Pilot Purgatory; McKinsey: Boston, MA, USA, 2018.
12. Kerremans, M.; Burke, B.; Cearley, D.; Velosa, A. Top 10 Strategic Technology Trends for 2019: Digital Twins.

Available online: https://www.gartner.com/en/documents/3904569/top-10-strategic-technology-trends-for-
2019-digital-twin (accessed on 12 May 2020).

13. Schleich, B.; Dittrich, M.-A.; Clausmeyer, T.; Damgrave, R.; Erkoyuncu, J.A.; Haefner, B.; de Lange, J.;
Plakhotnik, D.; Scheidel, W.; Wuest, T. Shifting value stream patterns along the product lifecycle with digital
twins. Procedia CIRP 2019, 86, 3–11. [CrossRef]

14. Tao, F.; Zhang, M.; Nee, A.Y.C. Digital Twin Driven Smart Manufacturing; Academic Press: Cambridge, MA,
USA, 2019.

15. Kritzinger, W.; Karner, M.; Traar, G.; Henjes, J.; Sihn, W. Digital Twin in manufacturing: A categorical
literature review and classification. IFAC-Pap. 2018, 51, 1016–1022. [CrossRef]

16. Schleich, B.; Anwer, N.; Mathieu, L.; Wartzack, S. Shaping the digital twin for design and production
engineering. CIRP Ann. Manuf. Technol. 2017, 66, 141–144. [CrossRef]

17. Roy, R.B.; Mishra, D.; Pal, S.K.; Chakravarty, T.; Panda, S.; Chandra, M.G.; Pal, A.; Misra, P.; Chakravarty, D.;
Misra, S. Digital twin: Current scenario and a case study on a manufacturing process. Int. J. Adv. Manuf.
Technol. 2020, 107, 3691–3714. [CrossRef]

18. Rezaei Aderiani, A.; Wärmefjord, K.; Söderberg, R.; Lindkvist, L. Developing a selective assembly technique
for sheet metal assemblies. Int. J. Prod. Res. 2019, 57, 7174–7188. [CrossRef]

19. Rezaei Aderiani, A.; Wärmefjord, K.; Söderberg, R.; Lindkvist, L. Individualizing locator adjustments of
assembly fixtures using a digital twin. J. Comput. Inf. Sci. Eng. 2019, 19, 041019. [CrossRef]

20. Tabar, R.S.; Wärmefjord, K.; Söderberg, R. A new surrogate model–based method for individualized spot
welding sequence optimization with respect to geometrical quality. Int. J. Adv. Manuf. Technol. 2020, 106,
2333–2346. [CrossRef]

21. Tao, F.; Zhang, H.; Liu, A.; Nee, A.Y. Digital twin in industry: State-of-the-art. IEEE Trans. Ind. Inform. 2018,
15, 2405–2415. [CrossRef]

22. Quintana, V.; Rivest, L.; Pellerin, R.; Venne, F.; Kheddouci, F. Will Model-based Definition replace engineering
drawings throughout the product lifecycle? A global perspective from aerospace industry. Comput. Ind.
2010, 61, 497–508. [CrossRef]

23. Hedberg, T.; Lubell, J.; Fischer, L.; Maggiano, L.; Feeney, A.B. Testing the digital thread in support of
model-based manufacturing and inspection. J. Comput. Inf. Sci. Eng. 2016, 16, 021001. [CrossRef] [PubMed]

24. Wärmefjord, K.; Söderberg, R.; Lindkvist, L.; Lindau, B.; Carlson, J.S. Inspection Data to Support a Digital
Twin for Geometry Assurance. In Proceedings of the ASME 2017 International Mechanical Engineering
Congress and Exposition, Tampa, FL, USA, 3–9 November 2017; p. V002T002A101.

25. Bohlin, R.; Hagmar, J.; Bengtsson, K.; Lindkvist, L.; Carlson, J.S.; Söderberg, R. Data flow and communication
framework supporting digital twin for geometry assurance. In Proceedings of the ASME 2017 International
Mechanical Engineering Congress and Exposition, Tampa, FL, USA, 3–9 November 2017.

http://dx.doi.org/10.1016/j.cirp.2017.04.038
http://dx.doi.org/10.1177/2041297510394107
http://dx.doi.org/10.1016/j.procir.2016.02.336
http://rdnt.se/
http://www.3dcs.com/
https://www.gartner.com/en/documents/3904569/top-10-strategic-technology-trends-for-2019-digital-twin
https://www.gartner.com/en/documents/3904569/top-10-strategic-technology-trends-for-2019-digital-twin
http://dx.doi.org/10.1016/j.procir.2020.01.049
http://dx.doi.org/10.1016/j.ifacol.2018.08.474
http://dx.doi.org/10.1016/j.cirp.2017.04.040
http://dx.doi.org/10.1007/s00170-020-05306-w
http://dx.doi.org/10.1080/00207543.2019.1581387
http://dx.doi.org/10.1115/1.4043529
http://dx.doi.org/10.1007/s00170-019-04706-x
http://dx.doi.org/10.1109/TII.2018.2873186
http://dx.doi.org/10.1016/j.compind.2010.01.005
http://dx.doi.org/10.1115/1.4032697
http://www.ncbi.nlm.nih.gov/pubmed/27325911


Appl. Sci. 2020, 10, 3342 16 of 16

26. Dahmen, U.; Rossmann, J. Experimentable digital twins for a modeling and simulation-based engineering
approach. In Proceedings of the 2018 IEEE International Systems Engineering Symposium (ISSE), Rome,
Italy, 1–3 October 2018; pp. 1–8.

27. Ulrich, K.T.; Eppinger, S. Product Design and Development; Tata McGraw-Hill Education: Noida, India, 2003.
28. Cooper, R.G. The drivers of success in new-product development. Ind. Mark. Manag. 2019, 76, 36–47.

[CrossRef]
29. Kallio, H.; Pietilä, A.M.; Johnson, M.; Kangasniemi, M. Systematic methodological review: Developing a

framework for a qualitative semi-structured interview guide. J. Adv. Nurs. 2016, 72, 2954–2965. [CrossRef]
30. Cridland, E.K.; Jones, S.C.; Caputi, P.; Magee, C.A. Qualitative research with families living with autism

spectrum disorder: Recommendations for conducting semistructured interviews. J. Intellect. Dev. Disabil.
2015, 40, 78–91. [CrossRef]

31. Åstedt-Kurki, P.; Heikkinen, R.L. Two approaches to the study of experiences of health and old age:
The thematic interview and the narrative method. J. Adv. Nurs. 1994, 20, 418–421. [CrossRef]

32. Wärmefjord, K.; Söderberg, R.; Lindkvist, L. Form Division for Welded Aero Components in Platform-Based
Development. J. Aerosp. Eng. 2014, 28, 04014126. [CrossRef]

33. Lindau, B.; Rosenqvist, M.; Lindkvist, L.; Söderberg, R. Challenges moving from physical into virtual
verification of sheet metal assemblies. In Proceedings of the ASME 2015 International Mechanical Engineering
Congress and Exposition, Houston, TX, USA, 13–19 November 2015; pp. V02BT02A011–V002BT002A011.

34. Tao, F.; Sui, F.; Liu, A.; Qi, Q.; Zhang, M.; Song, B.; Guo, Z.; Lu, S.C.-Y.; Nee, A. Digital twin-driven product
design framework. Int. J. Prod. Res. 2019, 57, 3935–3953. [CrossRef]

35. QSYS. Available online: https://swipx.com/apps/qsys-innovative-caq-softwaresystem/ (accessed on
17 March 2020).

36. CM4D. Available online: https://www.ats-global.com/products/ats-cm4d/ (accessed on 17 March 2020).
37. Cuillière, J.-C.; François, V.; Souaissa, K.; Benamara, A.; BelHadjSalah, H. Automatic comparison and

remeshing applied to CAD model modification. Comput.-Aided Des. 2011, 43, 1545–1560.
38. Lindau, B.; Andersson, A.; Lindkvist, L.; Söderberg, R. Body in White Geometry Measurements of Non-Rigid

Components: A Virtual Perspective. In Proceedings of the ASME 2012 International Design Engineering
Technical Conferences and Computers and Information in Engineering Conference, Chicago, IL, USA,
12–15 August 2012; pp. 497–505.

39. Wärmefjord, K.; Carlson, J.S.; Söderberg, R. A Measure of the Information Loss for Inspection Point Reduction.
J. Manuf. Sci. Eng. 2009, 131, 051017. [CrossRef]

40. Schleich, B.; Wärmefjord, K.; Söderberg, R.; Wartzack, S. Geometrical Variations Management 4.0: Towards
next Generation Geometry Assurance. Procedia CIRP 2018, 75, 3–10. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.indmarman.2018.07.005
http://dx.doi.org/10.1111/jan.13031
http://dx.doi.org/10.3109/13668250.2014.964191
http://dx.doi.org/10.1111/j.1365-2648.1994.tb02375.x
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0000459
http://dx.doi.org/10.1080/00207543.2018.1443229
https://swipx.com/apps/qsys-innovative-caq-softwaresystem/
https://www.ats-global.com/products/ats-cm4d/
http://dx.doi.org/10.1115/1.4000105
http://dx.doi.org/10.1016/j.procir.2018.04.078
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Geometry Assurance 
	Scope of the Paper 

	Materials and Methods 
	Questions 
	Statistical Analysis and Method 
	Results 

	Digital Twin Framework for Geometry Assurance 
	Digital Twin—The Digital Model 
	Digital Twin—The Input Data 
	Digital Twin—The Output Data 

	Interviews 
	Results: The Geometry Assurance Process Today 
	The Concept Phase 
	The Planning Phase 
	The Full Production Phase 

	Results: Challenges Related to the Implementation of a Digital Twin 
	Discussion 
	Conclusions 
	References

