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Abstract. Tolerance design is an important part of the product development and manufacturing process. Studies
show that using a reliable and efficient tolerance design method can effectively improve product quality and
reduce manufacturing costs. Although numerous studies have been carried out in the area of tolerance analysis,
combining the tolerance analysis with the concurrent engineering theory has been rarely studied so far. In order to
resolve this shortcoming, a comprehensive tolerance design methodology based on concurrent engineering was
proposed in the present study to shorten the product development cycle, improve product quality, and reduce
manufacturing costs. To this end, experts from different engineering fields were employed to form a concurrent
engineering team that works together. The tolerance design activities were divided into seven stages, including
design requirements definition, dimension chain identification, initial geometric dimensioning and tolerancing,
variation analysis, release technical specification, validation, and continuous improvement. Then the detailed
work process of each stage is presented. Based on the Monte Carlo theory and 3D computer-aided tolerance
software, a variation analysis framework was proposed. Finally, the gap between taillight and bodyside was
considered a test case, and a specific operation method of tolerance design using this framework is expounded.
In the studied cases, the calculated and measured mean value of the gap was 1.5 and 1.5368 mm, respectively,
indicating the simulation error of 2.5 %. The obtained results show that the gap tolerance by the proposed method
is consistent with the tolerance fluctuation in actual production.

1 Introduction

In today’s highly competitive automobile markets, quality
is one of the most affecting parameters on the consumers’
choice to buy. Studies show that almost 67 %–70 % of all
design changes and failures in the automotive industry are
in the field of dimensions and outer geometries, indicating
a lack of technological expertise and knowledge of accurate
analysis for process variations during the design process of
the product (Ceglarek et al., 2004). Therefore, automobile
manufacturers are sparing no effort to improve the quality
of products. This is especially more pronounced in the aes-
thetic of interior and exterior trims. In this regard, applying
a reliable and efficient tolerance design method can improve
the product quality and shorten the development cycle of the
product (Cao et al., 2018).

As an important part of the product development process,
tolerances determine the range of dimensional and geomet-
ric variations of each feature to ensure that the product has
an appropriate performance and function (Lu et al., 2011).
Tolerance is affected by numerous factors, including geo-
metric information, locating schemes, assembly sequence,
and fixtures (Khodaygan et al., 2010; Zhang et al., 2011;
Zhu and Qiao, 2015). Tolerance design requires deep knowl-
edge of geometric dimensioning and tolerancing (GD&T)
standards, manufacturing process, and manufacturing costs.
Therefore, it is a challenge to obtain a consistent tolerance
design by independent designers. Moreover, contradictory
requirements of different departments affect the tolerance de-
sign. For example, both design engineers and manufactur-
ing personnel are concerned about the tolerances. However,
design engineers prefer tight tolerances to guarantee design
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requirements (DRs), while manufacturing engineers prefer
relatively loose tolerance (Chase and Parkinson, 1991). It
should be indicated that the former aspect increases man-
ufacturing costs, while the latter aspects reduce the manu-
facturing expenses. In actual product development, tolerance
design is an engineering trade-off between quality and manu-
facturing cost. Recently, tolerance design has been proposed
as an effective scheme to resolve the abovementioned prob-
lem and has become the research hot spot in the past few
years.

Concurrent engineering is defined as an effective way to
concurrently develop products. In this regard, manufacturing
processes are designed in multifunctional teams with spe-
cialists in diverse fields, including marketing, styling, design,
purchase, manufacturing, assembly, and quality aspects that
work together from the earliest stages of the design (An-
derson, 2020). All specialists cooperate as a team to reach
DRs. To this end, it is necessary to constantly and directly
exchange data in all stages of a product life cycle (Rihar
et al., 2021). In the concurrent design, requirements of the
design, manufacturing, and inspection stages are integrated
to balance the final tolerance. Al-Ashaab et al. (2013) in-
tegrated the principles of set-based concurrent engineering
into an existing product development model and applied the
model into a set of well-defined activities and related tools.
Based on the concepts of concurrent engineering, Ngoi and
Teck (1997) proposed a tolerance optimization method for
process tolerance allocation. Moreover, Jeang (2004) devel-
oped a quantitative analysis model to combine design target,
design tolerance, the process mean, and process tolerance
into one expression to determine the optimal values of design
tolerance, the process mean, and process tolerance. Alansary
and Deiab (1997) proposed a procedure for concurrently al-
locating both design and machining tolerances through the
worst-case stack-up analysis. In order to fulfill the product’s
functional requirements, Peng and Peng (2019) extended the
concurrent tolerance model and considered the combination
of expected quality loss and manufacturing costs as the tar-
get function. Moreover, functional, geometrical, and process
constraints were considered the constraint conditions.

Reviewing the literature indicates that numerous investiga-
tions have been carried out over the past few decades in the
area of tolerance design (Korbi et al., 2018; Zeng et al., 2017;
Ameta et al., 2015; Haghighi et al., 2015; Sarigecili et al.,
2014). This research mainly focuses on one aspect or several
aspects of tolerance design, allocation, quality, manufactur-
ing cost, and concurrent engineering. However, the tolerance
design based on the concurrent engineering within the whole
product development cycle has so far been rarely studied. It is
worth noting that in the product development cycle with con-
current considerations, the development cycle and the man-
ufacturing costs are significantly reduced. Accordingly, this
issue has attracted many researchers and has become a re-
search hot spot.

The performed literature survey reveals that although the
effects of tolerances on the aesthetic quality and functionality
of the product have been studied extensively, only a few com-
panies follow the concepts of tolerance engineering (Walter
et al., 2021). This mainly originates from challenges in deal-
ing with highly complex deviations and tolerances. Accord-
ingly, it is of significant importance to establish an easy-to-
apply tolerance analysis framework. The framework should
include the theoretical basis of different tolerance analysis
methods, specific tolerance analysis processes, and imple-
mentation methods. Moreover, this framework should reduce
the development cycle and manufacturing costs and improve
product quality.

In this regard, it was intended to construct a tolerance de-
sign framework based on concurrent engineering. The pro-
posed framework can make fundamental changes to the ex-
isting organization of the company and employs specialists
from different departments to form a concurrent design team.
The tolerance design cycle in the whole development cycle
can be divided into seven stages. The inputs and outputs of
each department at each stage are defined in detail. Special-
ists from different departments form a concurrent engineer-
ing team to work together and quickly solve problems. Then
the proposed design method was applied to the gap tolerance
design of the taillight and side body of an automobile.

This article can be organized as follows: Sect. 2 begins
with an overview of the concurrent tolerance design, and then
the detailed work process of each stage, including the defini-
tion of DRs, dimension chain identification, GD&T design,
variation analysis, and validation, is discussed. In Sect. 3, the
applications of the proposed method in the tolerance design
of automobile taillights are introduced. The obtained results
are discussed in Sect. 4. Finally, the conclusions and main
achievements are summarized in Sect. 5.

2 Applied design methodology

Figure 1 shows the main tasks at each stage of the tolerance
design cycle. These tasks include the definition of DRs, di-
mension chain identification, initial GD&T, variation anal-
ysis, releasing technical specification, calculation validation,
and continuous improvement. Performing these tolerance ac-
tivities requires comprehensive expertise and skills in toler-
ance, manufacturing, quality, and manufacturing costs to se-
lect appropriate tolerance specifications.

The main objective of the present study is to propose an
improved tolerance design methodology based on concurrent
engineering. In this regard, it is necessary to form a cross-
functional development team before starting the project. The
minimum required specialists are stylist, designer, manufac-
turing engineer, quality engineer, marketing specialist, and
purchaser. The subsequent tolerance design activities are de-
termined by this concurrent engineering team. Figure 2 il-
lustrates the framework of the proposed methodology. The
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Figure 1. Cycle diagram of tolerance design.

DRs, obtained from the marketing, styling, design, and man-
ufacturing departments are the resultant of several indicators
such as market competitiveness, aesthetic, and functional and
assembly requirements. It should be indicated that the devel-
opment of a new product starts with the definition of DRs
in the form of technical specifications (e.g., the definition of
gap or flush between two different parts). Then the next step
is to identify the dimension chains. The main purpose of this
step is to find out the sources of variations such as tolerance
of different components, assembly sequence, and fixture tol-
erance. Once the dimension chain is identified, the GD&T
drawings for each component should be designed. The initial
values of the tolerances are normally set based on the process
capabilities and cost targets of the firm. Then the variation
analysis (VA) is performed through the 3D computer-aided
tolerance (CAT) analysis software to simulate the assembly
process. If the estimated variation meets the predefined DRs,
initial specifications such as DRs and GD&T drawings will
be updated as the official version and released to the relevant
departments. On the other hand, if the estimated variation
does not meet the predefined DRs, then composition loops of
the dimension chain should be optimized. The possible fac-
tors that may affect the variation include the part tolerance,
product structure, assembly sequence, and fixture structure.
Optimization is repeated for other factors until the results of
the variation analysis meet the requirements.

When components are manufactured, the measurement of
the parts should be carried out on the checking fixture first,
and then matching certification on the matching fixture. The
qualified parts will be used for the assembly of the automo-
bile. The quality department will monitor the production data
of the functional dimension and issue quality assessment re-
ports. Finally, the design engineer, manufacturing engineer,
and quality engineer will continuously improve the product
quality according to the results of quality assessment reports.

2.1 Definition of DRs

Three different types of DRs need to be defined: aesthetic re-
quirements, functional requirements, and assembly require-
ments.

Considering the intensification of commercial competition
in the market and continuous improvement of the consump-
tion levels, the aesthetic appearance of automobiles has be-
come a parameter influencing the purchaser’s choice. Aes-
thetic appearance plays an increasingly important role in im-
proving the exchange value, competitiveness, and sale of the
product. Aesthetic requirements refer to the design require-
ments such as gap, flush, symmetry, and alignment that im-
prove the aesthetic appearance of the product. Among these
design requirements, the design of the gap, flush, and align-
ment of interior and exterior trim have an undeniable impact
on the aesthetic quality of automobiles. On one hand, dif-
ferent areas of the automobile have different sensitivities to
aesthetic appearance, resulting in different aesthetic require-
ments. For example, customers pay little attention to the gap
and flush in the roof area, indicating that the aesthetic re-
quirements of this area can be reduced. On the other hand,
due to the manufacturing and assembly tolerances of the
parts, the visual effect of the final product differs from the de-
signed model. This difference is especially more pronounced
for small features. For example, under the same variation,
the visual difference of interior buttons is higher than that
of doors. Therefore, these parameters should be considered
when determining the aesthetic requirements to ensure the
aesthetics of important areas and reduce the requirements of
other areas.

Assembly requirements refer to the requirements that en-
sure the smooth assembly of parts. Studies show that assem-
bly tolerance plays an important role in improving assem-
bly accuracy and shortening the production time. Strict tol-
erances guarantee the assembly accuracy and facilitate the
assembly, but they increase the manufacturing costs. Accord-
ingly, the tolerance requirements of parts should be reduced
as much as possible to cut costs.

Functional requirements refer to the requirements that en-
able the product to perform certain functions such as sealing,
noise reduction, and aligning four-wheel parameters. Com-
pared with the aesthetic requirements, the number of these
functional requirements is relatively small, indicating fewer
tolerance design challenges.

2.2 Dimension chain identification

Since many factors affect the tolerance of DRs, it is neces-
sary to analyze the tolerance stack-up. Dimensions in the tol-
erance stack-up are arranged similarly to links in a chain. Ac-
cordingly, each dimension in the dimension chain is called a
composition loop. The total number of composition loops de-
pends on the total number of components and the assembly
complexity. The more the total number of components and
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Figure 2. Framework of the concurrent tolerance design methodology.
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the more complex the assembly process, the more the com-
position loops.

Identification of the dimension chain is one of the most
challenging tasks in tolerance design. The main objective of
this process is to find variables that affect the tolerance of
DRs. These variables can be mainly classified into two cate-
gories. Variables of the first category can be directly identi-
fied from the 3D model. Feature tolerance and the fitting gap
between different parts are in the first category. Variables of
the second category are related to the manufacturing process
so that they cannot be obtained directly from the 3D model
of the product. For example, fixture scheme, assembly se-
quence, manufacturing tolerance of tools, and the fitting gap
between tools and parts fall in the second category. Latter
variables affect the tolerance of DRs to a different extent.
Moreover, they have different adjustment costs compared to
the former parameters. For example, small adjustments in the
assembly sequence of parts in some cases may greatly reduce
the variation in the target tolerance without any additional
cost. Therefore, the optimization of assembly sequence has a
high priority in tolerance optimization.

2.3 GD&T design

With the rapid advancement of science and technology, the
way of specifying tolerances has progressively changed dur-
ing the last two decades. In the traditional linear tolerancing
method, allowable tolerances are simply assigned to dimen-
sions of features in the form of positive and negative toler-
ances. Despite the simplicity of this tolerancing method, it
cannot reflect the actual mating relationship between differ-
ent parts. With the continuous improvement of precision re-
quirements in industrial products, intrinsic uncertainties and
inefficiency issues of this method become apparent (Voel-
cker, 1993, 1998). In order to resolve these limitations, the
GD&T approach has been proposed.

GD&T sets the values of certain attributes of a feature and
allows the designers to specify the maximum available tol-
erance and consequently design the most economical parts.
The types of tolerances are classified into six categories: size,
form (flatness, straightness, circularity, and cylindricity), ori-
entation (parallelism, perpendicularity, and angularity), posi-
tion (location and concentricity), runout (circular and total),
and profile (line and surface) (Shah et al., 1998). Applying
GD&T techniques properly in the product development pro-
cess will improve product quality and reduce manufacturing
costs.

Generally, the marking of GD&T in different industries is
mainly performed based on ASME Y14.5-2018 or ISO 1101
standards (Rong et al., 2010; Anselmetti et al., 2010). To en-
sure consistent tolerance in the manufacturing and inspection
processes, it is necessary to define a uniform locating scheme
and the part tolerance. At the initial stage of the product
development, almost most of the affecting parameters such
as detailed structure, assembly process, and tooling of the

parts are not yet defined. Accordingly, the initial tolerances
of each component are normally determined based on pro-
cessing limitations, cost target, and previous experience of
the company. It is worth noting that a tight tolerance leads to
high quality, but it increases the manufacturing costs. More-
over, the locating schemes and tolerances of parts affect the
design, manufacturing costs, and cost of jigs and checking
fixtures. Applying concurrent engineering is an appropriate
solution to determine the locating scheme and tolerances. Af-
ter analysis and optimization of tolerances, the draft GD&T
is updated and the official version is issued for the manufac-
ture, quality departments, and suppliers.

The initial tolerance of each composition loop can be
adopted from the previous experiences and manufacturing
limitations. Generally, tolerance design requires expert de-
signers who have mastered the assembly process and have
rich manufacturing experiences. However, manufacturing
engineers are more professional in these areas than design
engineers. Consequently, one good alternative is to integrate
design with manufacturing through concurrent tolerance de-
sign to reduce design changes.

2.4 Variation analysis process

Variation analysis refers to the process of determining the ac-
cumulative variations between different features. This anal-
ysis is an essential step to evaluate the target tolerances of
design requirements. The first step in predicting the accumu-
lative variations is to build an analytical model. Currently,
three analytical models are used in this regard. These models
are discussed in the following subsections.

2.4.1 Worst-case analysis

Worst-case (WC) analysis is a manual analysis approach that
can calculate the tolerance in only one direction at a time
(Fortini and Fortini, 1967). This model can be mathemati-
cally expressed as the following:

TASM =

n∑
i=1

Ti, (1)

where TASM is predicted assembly variation, Ti is the com-
ponent tolerance, n is the number of components.

WC method assumes that all dimensions in the dimension
chain are at their maximum or minimum limit simultane-
ously, resulting in the worst possible assembly limit (Kho-
daygan et al., 2010). In actual production, however, the tol-
erance will be different from what is predicted by the WC
analysis. Most of the dimensions may be closer to their nom-
inal values instead of either extreme value. Also, some of the
dimensions that the WC model demands to be at their up-
per limit may be closer to their lower limit, and vice versa
(Fischer, 2011). WC method is usually used by designers to
assure that all assemblies are within the specified tolerance
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limit. However, as the total number of components in the as-
sembly increases, the component tolerances must be greatly
reduced to meet the final design requirements, resulting in
higher production costs (Chase and Parkinson, 1991).

2.4.2 Root-sum-square method

The root-sum-square (RSS) method is commonly used in
manual statistical tolerance calculations based on Excel
spreadsheets. In this method, tolerances can be determined
by the square root of the sum of the square tolerance values
in the form below (Fortini and Fortini, 1967):

TASM =

√√√√ n∑
i=1

T 2
i , (2)

where TASM is the predicted assembly variation, Ti is the
component tolerances, n is the number of components.

The predicted tolerance of the RSS method is usually less
than that of the WC method for the same stack-up. This dif-
ference allows the designer to relax the tolerances of compo-
nents or improve the design requirements. Studies reveal that
the performance of the RSS method improves as the number
of composition loops of a dimension chain increases.

However, the main drawback of the RSS approach is the
strict constraints on the manufacturing process. As a result,
the manufacturing process in the RSS model should be con-
trolled, indicating that the dimensions after manufacturing
are the same as the design values. Moreover, tolerances of
all components in the dimension chain should obey a normal
(Gaussian) distribution to ensure that the assembly also fol-
lows a normal (Gaussian) distribution. This issue is schemat-
ically shown in Fig. 3.

2.4.3 Monte Carlo simulation

The Monte Carlo method is the most popular method to
simulate tolerances of assemblies in the 3D CAT analysis
(Bruyère et al., 2007). Chase compared different tolerance
analysis methods and concluded that the most satisfactory re-
sults can be achieved from the Monte Carlo method (Chase
and Parkinson, 1991). This method has been widely adopted
as a powerful tool for 3D tolerance analysis. It allows the
tolerance analyst to survey different combinations of trans-
lational and rotational variations. The main advantage of the
Monte Carlo simulation is that it can be used in all types of
distributions. In other words, it is not restricted to normal
distributions. Some of the most widely used statistical distri-
butions in the Monte Carlo simulation are beta, gamma, nor-
mal, triangular, uniform, and Weibull distributions (Barbero
et al., 2014). Figure 4 illustrates the simulation flowchart of
the Monte Carlo method, indicating that the main workflows
of this method are as follows:

1. Specify the distribution type and tolerance values of
each dimension variation and define the assembly func-
tion.

2. Formulate the measurement function and specify the de-
sign limits according to the target tolerance of DRs.

3. Apply a random number generator to generate the di-
mensions of each component. Then the dimension of
DRs is calculated using the assembly function. The cal-
culated dimension is compared with the limits of DRs
to determine if it meets the specification.

4. Go to step 3 until the defined number of assemblies are
simulated to estimate the percent of assemblies rejected
based on the specified tolerances.

2.4.4 Tolerance analysis software

Currently, numerous commercial 3D CAT software programs
such as VisVSA, 3DCS, CETOL, and Sigmund are available
in the market. These applications are based on either the lin-
ear method or the Monte Carlo method.

Figure 5 shows the variation simulation process in 3D
CAT software. It is observed that the CAD models obtained
from the product data management system are initially im-
ported into the CAT software. Then, the virtual assembly is
performed according to the assembly sequence to establish
the mating relationships between the parts. In the third step,
locating systems and tolerances of components are defined
based on the GD&T drawings, process capability, and fix-
ture tolerance. In this step, the tolerances of all composition
loops related to the design requirement are specified. More-
over, statistical distribution is simultaneously specified for
each tolerance. The next step is to formulate the measure-
ment function, which refers to the dimension of the target
variation according to DRs. Subsequently, a set of compo-
nent dimensions is generated using a random number gener-
ator to simulate the dimensions of the components. The gen-
eration process should be repeated many times to estimate
the standard deviation. Finally, the percent of assemblies that
will be rejected based on the specified tolerances can be ob-
tained. The number of iterations required depends on the de-
sired output accuracy (Cvetko et al., 1998). A large number
of samples may be required for accurate results. The typi-
cal sample size used in the automotive industry ranges from
5000 to 10 000. When the simulation converges to the solu-
tion, variation reports can be generated. The reports usually
contain the mean, the standard deviation, and the percentile
rejection of the output variable.

Variation analysis, a decision-making process, is used to
determine the variations of the DRs. The numeric informa-
tion obtained from the variation analysis helps to answer
the question of a specific tolerance design. When a varia-
tion analysis is completed, the results can be used to deter-
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Figure 3. RSS method.

Figure 4. Monte Carlo method.

mine if the design satisfies the DRs. If the estimated vari-
ation does not meet the DRs, an optimization design is re-
quired. The commonly used optimization methods include
modifying product structure, optimizing locating and toler-
ance, changing assembly sequence, and adding assembly fix-
tures, etc. If these measures fail to satisfy the DRs, modifica-
tions of the target values of the DRs are needed.

2.5 Validation

When all components are manufactured, the quality engineer
should check the dimensions of the components using ap-
propriate gauges or the coordinate measuring machine and
prepare verification reports. If there are unqualified measur-
ing points, rectification should be made. Meanwhile, quali-
fied parts can be used for subsequent assembly.

The main purpose of automobile matching is to verify the
mating relationship between different parts, including inte-
rior and exterior dimensional technical specification (DTS)
matching, product function matching, and process matching.
Meanwhile, automobile matching verifies the assembly risk
in advance for online mass production. It is worth noting that
although all individual parts meet the tolerance requirements,
the overall tolerance of the product may exceed the DR. This
is because the tolerance accumulation can cause the target di-
mension to exceed the tolerance when multiple parts simulta-
neously approach the maximum or minimum limit size. The

main purpose of the vehicle matching process is to prevent
these problems before formal production and reduce the risk
of producing unqualified products. By analyzing the dimen-
sions, assembly sequence, and tool schemes of the parts, this
problem can be identified. Then the production equipment
such as molds and fixtures are adjusted within the tolerance
range specified in the technical specifications to meet the tar-
get tolerance.

3 Case study

In this section, it is intended to apply the proposed methodol-
ogy to the tolerance design project of a taillight. The match-
ing quality between the taillight and the bodyside has always
been the focus of the aesthetic quality design. Figure. 6a il-
lustrates the design requirement (the gap between taillight
and bodyside). Moreover, Fig. 6b illustrates the mounting re-
lationship between the taillight and bodyside. There are one
clip and three preset bolts on the taillight, where two bolts
are used for locating and mounting and the third one is used
for mounting only. The construction of concurrent tolerance
design can be summarized as follows.

3.1 Step 1 – defining DRs

DRs for the matching of taillight and bodyside mainly in-
clude the gap and flush that affect the aesthetics. The higher
the fluctuation of the gap and flush, the lower the aesthetic
quality, thereby the lower the product sale. Accordingly, mar-
keting, styling, and design personnel prefer to reduce the gap
and flush as small as possible to improve the aesthetic qual-
ity. However, a smaller gap and flush will inevitably increase
the manufacturing complexity, thereby increasing the man-
ufacturing costs. In the present study, the optimal DRs are
obtained by setting up a concurrent design team, holding
regular group meetings, and balancing the product compet-
itiveness, cost, and manufacturing capacity. Accordingly, the
nominal bodyside–taillight gap and the corresponding toler-
ance were set to 1.5 and ±1.0 mm, respectively, as shown in
Fig. 7.

3.2 Step 2 – identifying the dimension chain from DRs

The concurrent design team determines the positioning, fix-
tures, assembly sequence, and fastening methods of the tail-
light and bodyside. Then the composition loops can be deter-
mined as follows:
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Figure 5. Variation analysis process.

– the profile tolerance of the gap matching surface of the
taillight

– the float between the pin and pinhole

– the profile tolerance of gap matching surface of the
bodyside.

3.3 Step 3 – defining the GD&T for taillight and
bodyside, including the datum reference system,
tolerance types, and tolerance values

To avoid the tolerance accumulation caused by datum trans-
fer, the design, manufacturing, and inspection data of parts
should be consistent. It should be indicated that the determi-
nation of these data will affect the design of molds, jigs, and
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Figure 6. The gap and the mounting relationship between the taillight and bodyside

Figure 7. Gap DTS between taillight and bodyside.

Table 1. Tolerance of the composition loop.

Composition loop Tolerance type Value (mm)

1 Taillight Surface profile 1.4
2 Bodyside Surface profile 1.4
3 Fixture n/a n/a
4 Hole pin float Float 0.5

n/a – not applicable.

checking fixtures. Therefore, these data should be jointly de-
termined by design, manufacturing, and quality engineers. In
this study, deviations of mating surfaces of the taillight and
bodyside were more concerned. Accordingly, GD&T draw-
ings of the taillight and bodyside were designed according
to the ASME Y14.5-2018 standard. Table 1 presents the tol-
erance information in this regard. The surface profile of the
taillight and bodyside and the float between pin and pinhole
are set to 1.4 and 0.5 mm, respectively.

3.4 Step 4 – variation analysis

In this article, 3DCS software was used to perform the toler-
ance analysis. The main steps in this regard are as follows:

1. Virtual assembling consists of mounting the taillight on
the bodyside by the “move” operation according to the
designed assembly sequence. The locating system of
taillight was set according to the GD&T defined in Step
3.

2. Tolerance of the parts is defined. Dimensions and tol-
erances of the mounting holes and mating surfaces of
the taillight and bodyside were defined based on GD&T
drawings.

3. Measurements are defined. The main objective of the
measurement definition in 3DCS is to monitor the vari-
ation of the target dimension.

4. The number of Monte Carlo iterations is set to 5000.

Figure 8 illustrates the predicted quality. The mean value
of the predicted gap and estimated upper and lower limits
are 1.50, 0.47, and 2.54 mm, respectively. Moreover, the total
out-of-tolerance gap accounted for 0.28 %.

3.5 Step 5 – validation

In order to evaluate the manufacturing quality and assembla-
bility of taillights and bodyside, dimensions of mating fea-
tures were measured using checking fixtures and a coordinate
measuring machine. The measured results were recorded for
subsequent analysis and debugging of probable matching
problems. Figure 9 shows the gap between the taillight and
bodyside measured by a gap gauge. Finally, 50 cars were ran-
domly selected and measured in the production line and a
statistical histogram was made. Figure 10 illustrates the sta-
tistical distribution of the gap. It is observed that the mean
value of the gap is 1.5368 mm, which is close to the nomi-
nal value of 1.5 mm. Moreover, one measured gap is greater
than the upper specification limit, which accounts for 2 % of
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Figure 8. 3DCS report on the gap between the taillight and bodyside.

Figure 9. Gap gauge and the schematic of the gap measurement.

the total measured gaps and falls within the allowable out-of-
tolerance range. The unqualified product can meet the design
requirements after repair.

4 Discussion

In the present study, a structured tolerance design method-
ology was proposed to help engineers solve tolerance prob-
lems through step-by-step instructions. The concurrent-
engineering-based method describes the tolerance design
framework in detail and specifies the work content and re-
sponsibilities of members at each stage.

For highly complex products such as automobiles, the
most challenging part in the production is not the manufac-
turing of the single parts but the quality control of the as-
sembling and the trade-off between the product quality and
the manufacturing cost (Kong et al., 2009). To this end, a
development team consisting of engineers from relevant de-
partments was established to balance the needs of each de-
partment at the onset of the product development.

In the proposed tolerance design framework, tolerance de-
sign activities were divided into seven stages. These tasks

Figure 10. Histogram of the gap measurements between the tail-
light and bodyside.
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were carried out in sequence according to the project devel-
opment schedule. The concurrent tolerance design method
determines the responsibilities of the team members at each
design stage. Team members work together, follow the same
design process and methodology, and jointly determine the
design targets for each stage. This new methodology inte-
grates the product design with manufacturing and inspection
considerations. In this way, the design requirements of dif-
ferent departments can be balanced while avoiding conflicts
of requirements. The proposed approach and working mode
significantly improve the development efficiency, reduce de-
sign changes, and reduce development costs.

The proposed methodology was applied to predict the gap
variation between taillight and bodyside. By setting up a con-
current design team and weighing the requirements of differ-
ent departments, the optimal gap is 1.5±1.0 mm. To maintain
the consistency of the design, manufacturing, and measure-
ment data of different parts, the datum schemes of parts were
established jointly by design, manufacturing, and quality en-
gineers.

Finally, based on the Monte Carlo algorithm, the gap be-
tween the taillight and the bodyside was simulated in the
3DCS software environment. The obtained results show that
the total out-of-tolerance gap accounted for 0.28 %, implying
that the target DR is well achieved. Then 50 cars were ran-
domly selected to validate the simulation, and the gap was
measured after the assembly. The calculated and measured
mean values of the gap were 1.5 and 1.5368 mm, respec-
tively, indicating the simulation error of 2.5 %. The obtained
results demonstrate that the predicted tolerance is consistent
with the tolerance distribution of actual production.

5 Conclusion

In the present study, a concurrent tolerance design methodol-
ogy was proposed to predict the tolerance of DRs. In this re-
gard, the product design is integrated with manufacturing and
inspection indicators to balance the design tolerance, process
tolerance, and manufacturing cost.

To this end, a concurrent tolerance design team, includ-
ing stylist, design engineer, manufacturing engineer, quality
engineer, marketing specialist, and market analyzer, is estab-
lished to balance the competitive requirements of different
departments in the tolerance development process. The spec-
ifications of DRs, dimension chain, and GD&T drawings are
jointly determined by the concurrent engineering team. Fi-
nally, the proposed method was applied to the gap design
between the taillight and bodyside of an automobile.

The main achievement of this article is that the strategies
and methods of concurrent engineering are introduced in the
process of tolerance development of new products. The pro-
posed strategy shortens the development cycle, reduces the
manufacturing cost, and results in a competitive advantage in
the market. This method is easy to implement and manage. It

is demonstrated that the establishment of a concurrent toler-
ance design team and clearly defining the responsibilities of
each department at each stage results in direct and efficient
communications, thereby solving problems quickly.

The achievements obtained during the tolerance design
process are encouraging. However, some other issues such
as the management of the concurrent engineering team and
the decision rules for competitive requirements among par-
ticipants should be further studied.
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