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Abstract
One of the most critical tasks within the scope of Design for Manufacturing (DfM) is to define the set of Geometrical Product
Specifications (GPS) in the 3D model or in the engineering drawing that ensures the functionality and the interchangeability of
parts, as well as the intended functional performance of an assembly. Several methodologies have been proposed for the optimal
designation of such specifications; however, the majority of them do not effectively take into account the deformations that are
inevitably induced during assembly and operation for the vast majority of mechanical components. Motivated by the widely
accepted tolerancing practice for sheet metal parts in the automotive industry, where the distinction between free state and
constrained state is considered, the paper investigates the influence of the deformations induced during assembly and operation
on GPS. The effect of part stiffness in the resultant functional GPS of the assembly/component is explored, through CAD
surfacing and non-linear numerical finite element analysis tools including the contact problem. The current stage of development
of a novel, performance-based methodology for the GD&T design procedure is presented. The methodology is applied on a real-
world mechanical assembly that is derived from tolerance stack up-related literature. This study illustrated is that for an unpre-
dictably wide range of mechanical components the default, free-state GPS scheme should only be assigned after rigorous analysis
of their compliance behaviour. The proposed approach will lead to deduce the correlation between production cost and perfor-
mance through a further development in future study.

Keywords Stiffness . Tolerancing . Free state . ISO GPS standards . Quality control and inspection . Computational geometry/
CAD

1 Introduction

Tolerancing has always been a non-trivial task and tradition-
ally a major concern in precision manufacturing. However,
globalized supply chain in modern industrial environment im-
posed the transition from bespoke assembly to the manufac-
ture of parts made in different places all over the world that fit
together with a high degree of repeatability. Therefore, toler-
ance assignment, i.e. the type and range of acceptable geomet-
rical variation, has become a critical step for the majority of

mechanical engineering design projects. The global need for
comprehensive expression, unambiguous understanding and
efficient verification of Geometrical Product Specifications
(GPS) is addressed by the development of relevant reliable
standards. Strong such effort is currently undertaken by the
TC/213 committee of the International Organization for
Standardization, supported by related committees in national
standardization bodies.

A basic concept in the existing Geometrical Dimensioning
and Tolerancing (GD&T) standards currently used in mechan-
ical engineering design is the “rigid workpiece principle”. As
stated in the fundamental ISO 8015 standard [1], a workpiece
shall by default be considered as having infinite stiffness and all
GPS apply in the free state, undeformed by any external forces
including the force of gravity. Any additional or other condi-
tions that apply to the workpiece shall be explicitly defined in
the drawing, in conformance to the approach specified in ISO
10579 [2]. Next to the above, the vital industrial manufacturing
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principle of functional dimensioning and tolerancing requests
from the designer to assign the widest possible dimensional and
geometrical tolerances that enable functionality and inter-
changeability, along with the designation of the most compre-
hensive, cost-effective tolerancing scheme.

Specific types of workpieces such as rubber gaskets, wire
forms and thin-walled plastic components may directly be
recognized as non-rigid parts. However, an unpredictably
wide range of mechanical components may deform signifi-
cantly from their defined limits owing to their weight, stiffness
limits or the release of internal stresses resulting from the
manufacturing processes. These parts, although not thin or
floppy, must also be defined as non-rigid parts, and the influ-
ence of their deformation has to be taken into account from the
GPS perspective. In such cases, the designer must clearly
specify in the 3D model or in the engineering drawings the
set of GPS that apply on the workpiece in its free-state condi-
tion and the ones that apply in its restrained condition, as per
ISO 10579 [2]. Moreover, the restrained condition must be
clearly specified either in a note directly on the drawing or
by reference to a separate document.

Furthermore, in real-world industrial applications, mechan-
ical components are neither having infinite stiffness nor re-
main undeformed during their assembly and operation. At
the assembly process, all or some of the available translational
and rotational degrees of freedom of a workpiece are arrested
in order to be physically oriented, located and locked.
Consequently, a part’s interface with its mating components
certainly introduces a certain range of distortion. Moreover, at
the operation stage, the vast majority of components is func-
tioning in a restrained condition and is subject to several ex-
ternal forces and considerable loads. Especially in the case of
structural mechanical components, the range of the inevitable
functional deformation should carefully be studied and desig-
nated during the design phase in order to safeguard integrity
and performance.

In the scope of this research work, the compliance behav-
iour study of a workpiece raises a number of significant and
complicated issues regarding functional GPS assignment.
These issues include:

& The impact of the ISO 8015 default hypothesis of infinite
stiffness of parts on the tolerance stack up analysis, func-
tional performance and manufacturability cost

& The available techniques that safely define a workpiece as
“rigid” or “non-rigid”

& The geometric specifications that have to be designated at
free state, at constrained state or at both and the realistic
amount of difference in their values

& The level of detail in the specification of the re-
strained condition, e.g. the exact configuration of
clamping locations, force or torque settings and se-
quence of force application

Critical design decisions that are related to these issues still
much rely on the engineers’ previous experience and technical
intuition. It is underscored that non-rigid parts and compliant
structures are commonly met in critical applications in a wide
variety of industry sectors such as aerospace, automotive, oil
and gas, defence and renewable energy [3]. Typical examples
include the skin panel and fuselage of an aircraft [4], the low-
pressure turbine blades of turbojet engines [5] and the me-
chanical chain tensioner of internal combustion engines [3].
This paper presents the current stage of development of a
novel, performance-based methodology that seeks to confront
the above highlighted issues in a systematic way. The meth-
odology is mainly addressed to designers and engineers that
are active in tolerance specification tasks. However, since the
GPS scheme of a component has a wide impact on almost all
downstream activities, the proposed approach is also consid-
ered relevant to those involved on manufacturing, assembly
and inspection.

The rest of the paper is organized as follows. Section 2
gives an overview of relevant published research. The current
stage of the proposed approach is presented in Section 3. In
Section 4 the application of the approach is illustrated in a case
study, numerical analysis-based simulation is conducted and
the results are summarized. Concluding remarks along with
future research perspectives are given in Section 5.

2 Relevant literature

Over the last two decades, considerable amount of high-
quality tolerancing research has been published on several
aspects that concern non-rigid parts and compliant structures.
This fact is apparently linked to the important impact of such
problems on key industries such as automotive, aerospace,
appliance and electronic packaging. Three major research
fields can be distinguished in relevant literature: tolerance
analysis methods for non-compliant assemblies, inspection
techniques for GPS conformity evaluation and tolerance
allocation/specification tools for non-rigid parts.

Some of the earliest research studies that created the foun-
dation for tolerance analysis for compliant assemblies [6, 7]
have been motivated by the automotive industrial need to
efficiently address the large variation of sheet metal assem-
blies due to the compliant behaviour of sheet metal parts. The
developed tolerance analysis methods integrate the flexibility
of the assembled parts and thus opposed the so far published,
classical worst-case and statistical (RSS) methods that assume
infinite part stiffness. Since then the compliant assembly var-
iation problem has been extensively studied by considering
the propagation of both manufacturing geometrical deviations
and assembly process defects and by investigating the corre-
lation and simulation of different parameters influencing as-
sembly variation, e.g. [8–9]. The majority of such research
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works are strongly based on state-of-the-art FEA simulation
combined with tools such as wavelet analysis [10] and Monte
Carlo simulation [11]. A detailed overview and a critical anal-
ysis of the conducted research in this field are presented in
[12].

In this area, another research field that has drawn extensive
attention due to the advancement of coordinate measuring
systems (CMS) is the development of inspection techniques
for repeatable evaluation of a non-rigid parts’ geometrical de-
viation against the assigned GPS. Fixtureless inspection
[13–15] is one of the most challenging topics, offering enor-
mous benefits compared with the traditional inspection fix-
tures that compensate for the flexible deformation and thus
have to be sophisticated, time-consuming and expensive [16].

The development of consistent tools for tolerance alloca-
tion on non-rigid parts is clearly interrelated with both the
aforementioned research fields. In that context, the selection
of an appropriate method for tolerance specification, taking
into account the particularities of flexible parts, is a rather
challenging task [17]. Such a choice has direct impact in com-
municating the function and quality requirements of a part.
The criticality of simple and unambiguous ISO-based GPS
for deformable components in the globalized industry is illus-
trated in [5], for the case of a low-pressure turbine blade of an
aircraft turbojet engine. Furthermore, the need to study flexi-
ble assemblies comprised of large-scale composite compo-
nents is illustrated in [4], for the case of an aircraft fuselage
through commercial grade computer-assisted tolerancing
(CAT) tools and FEA. The industrial need to study flexible
assemblies is certainly not limited to large scale; it is also
relevant for the cases of smaller flexible assemblies where
flexibility and functional tolerance specification has an impact
on performance. A typical such case is illustrated in [3], where
a mechanical chain tensioner of an internal combustion engine
is studied.Moreover, increased research activity focuses in the
contact problem attributed to geometrical variations both for
non-rigid assemblies, e.g. [18], but also for rigid assemblies
where the contact forces play a major role in component/
assembly performance as highlighted in [19, 20].

An extensive and systematic review of tolerance specifica-
tion methods for non-rigid parts in conformance with the ISO
GPS and ASME Y14.5 [21] standards is given in [17].
Rigorous understanding of the compliance behaviour of a part
is of paramount importance in order to select the most appro-
priate tolerance specification method. Certainly, understand-
ing of the parts’ functional requirements and of the tolerancing
options offered by the current standards are also important in
order to successfully perform this particularly challenging
task.

Focusing on the set of issues highlighted in the end of the
previous section, this paper further elaborates the subjective
compliant behaviour scale presented in [17], where the value
of the resulting displacement induced by a force of around

40 N as a percentage of the parts’ assigned tolerance is used
as a criterion to classify parts as practically rigid (< 5%), non-
rigid (> 10%) and extremely non rigid (>> 10%). The pro-
posed 40 N force represents commonly acceptable forces used
in manual assembly lines of the aerospace industry [17]. To
the best of the authors’ knowledge, the above is the dominant
approach considered in published technical literature.

3 Description of the proposed methodology

In this study, a systematic approach is proposed aiming to
efficiently address the issues summarized in Section 1 and
provide a guide for realistic, performance-based GPS assign-
ment. In this section, the main steps of the proposed method,
as illustrated in the flow chart of Fig. 1, are briefly described.

At first step, the general assembly, sub-assemblies and
components’ initial engineering drawings or annotated CAD
models are examined in order to identify the mating condi-
tions and the surfaces that are critical for assembly and oper-
ation. The set of critical features that will determine the devi-
ations under possible loadings along with their initially
assigned GPS is derived. Initially designated datum features
followed by pivoting features that belong to mating surfaces
are inevitably the strongest candidates for this set.

In the second step, CADmodels of the “true” geometry are
created in component level by integrating mainly the pre-
assigned form and orientation tolerances. In order to generate
the worst-case scenario geometry of a feature within its toler-
ance zone, several published relevant tools, e.g. [12], are cur-
rently considered. The possible load magnitudes that act on
the generated geometry during assembly and/or operation are
then estimated, based on common assembly practices and
methods and the designated operation conditions, e.g. recom-
mended pretention for bolted connections.

Next, finite element analysis (FEA) models are created in
the sub-assembly and assembly levels in order to calculate the
distortions caused and evaluate the range that the initially
assigned GPS scheme properly safeguards the assembly and
performance. Finally, based on the obtained results of the FEA
study, the initially assigned GPS are either accordingly mod-
ified or validated. Computational implementation of the pro-
posed approach is currently performed by the use of popular
commercially available tools such as SolidWorks 3D-CAD
modeller and ANSYS FEA structural analysis software.

4 Case study

4.1 Geometrical configuration and initial GPS

The boundaries of rigid and non-rigid part definition, based on
functional specifications in correlation to the component
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geometry and stiffness, are effectively investigated by the pro-
posed approach through a case study. The geometry of the
case study is derived by [22], a long-established reference
publication in industrial practice, where it is used as a realistic
example that demonstrates the effect of form variation in tol-
erance stack up analysis of an assembly. The sub-assembly
used for this benchmark example is a sheet metal brace as-
sembly connected to a larger sheet metal frame. Four M12
standard bolts connect the two half braces of the brace assem-
bly and eightM10 standard bolts connect it to the larger frame,
as illustrated in Fig. 2.

The analysis that follows is focused on the GPS designa-
tion of brace assembly; the corresponding GPS of the frame is
not currently examined. The half braces are components spe-
cifically toleranced so that proper assembly can be achieved.
The assemblability of the structure is ensured by proper toler-
ance assignment on the set of M10 bolt holes location through
classic stack up analysis. Size, location and form tolerances of
interest on the half-braces, as designated by [22], are presented
in Fig. 3.

In the presented part of drawing, all the required location
tolerances of the fasteners and the form tolerance of the sheet
metal parts are assigned with special attention to the effect of
the form deviations to the stack up analysis results.
Specifically, this benchmark case addresses the impact of the

flatness tolerance of the planar surface designated as datum
“A” (Fig. 3). The form tolerance zone affects the location of
the holes that accommodate the M10 bolts, which in turn
define the assemblability of the brace assembly onto the
frame. The flatness tolerance is inevitably bounded by the
accuracy capability of the stamping manufacturing process
that produces the sheet metal parts of the brace assembly.
Consequently, the minimum reasonable value for the permis-
sible flatness deviation is 2 mm, [22].

The stack up analysis including the form deviations is per-
formed by adding a translational variation and a rotational
variation due to the flatness tolerance on the mating faces
between the two braces. Total deviation of the Ø12.5 holes
location at the worst case results in 8.68 mm, calculated as a
function of the deformation of the datum feature “A” and
disregarding the positional tolerance of the M10 fasteners
holes. Therefore, the distance between the holes that are used
on each side of the brace assembly to connect it to the frame
would be 231.2 mm instead of the nominal of 240 mm. This
calculation is performed in [22] by the use of “like triangles”
so as to be able to convert the rotation of the mating features
between the two half braces to the translation of the mating
surfaces between the brace assembly and the frame. This ap-
proach is straightforward, efficient and very fast; however, by
disregarding the component stiffness and assembly functional

Fig. 1 Flow chart illustrating the steps of the proposed methodology
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loading, it may underestimate the translation of the brace as-
sembly and frame mating surfaces while assuming total con-
tact between the half-brace components.

4.2 Application of the proposed methodology

The assigned GPS for the half-brace component is specified
based on the default rigid workpiece principle as per ISO
8015, and no dimensioning in the free-form state is defined
(Fig. 3). This study investigates the conditions under which
the component can be considered rigid based on the functional
loadings and part stiffness. This investigation will be conduct-
ed with the utilization of finite element analysis (FEA) tools.

The geometry constructed for the planar faces in the CAD
model used for the FEA analysis considered the flatness tol-
erance at a worst-case scenario of a convex surface, in the
same way that it is considered in [22]. It is here accepted that
where a planar surface is specified as a datum feature, the high
point(s) on the surface are establishing the associated datum
plane. The resulting geometry is presented in Fig. 4.

This condition will initially create symmetrical 4-mm gaps
which will decrease as the M12 bolts are tightened, causing
the side flanges and consequently the holes which

accommodate the M10 bolts to move both in horizontal and
vertical directions space. An indicative figure of the half
braces initial positioning before any load is applied is present-
ed below (Fig. 5).

In order to evaluate the impact of the datum “A” form
deviation to the tolerance stack up and consequently deter-
mine if the part can be considered rigid or non-rigid, the de-
fining factors are the sheet metal thickness and the bolt pre-
tension during assembly, dictated by the functionality of the
final assembly as the minimum load case. Non-critical dimen-
sions that are missing on the reference drawing of Fig. 3 (i.e.
total brace width and slot size) were estimated from the over-
all dimensioning of the component. Thus, for the creation of
the analysis’ models, the slot is dimensioned at 18 mm width
and 110 mm total length and the total brace width at 150 mm.
The components are taken as steel sheet metal parts, and the
M12 bolts designated grade is 8.8.

Also, we presume that the M12 bolts connecting the two
half braces are tightened with 22.5-Nm torque which corre-
sponds to the 30% of the maximum recommended torque.
Based on the classic machine element formulas [23] we cal-
culate the clamping force of the bolts from the tightening
torque. An estimation for the friction coefficient between the

Fig. 2 Sheet metal assembly of
the case study, derived from [22]
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washers and the stamped surface is made, resulting in μΠ =
0.18. The geometric parameters of a M12 standard pitch met-
ric bolt according to DIN 912 and standard washers according
to ISO 10673 are also used:

M tot ¼ Faxial tan ρ
0 � α

� �d2
2
þ μπ

dm
2

� �
ð1Þ

For Mtot = 22.5Nm the formula derives for each bolt:

Faxial ¼ 7:6kN

This force is the one that tightens the two half braces and
thus by effectively closing the gap between them induces the
deformations on the brace.

The second defining parameter is the sheet metal thickness,
as it determines the bending stiffness of the case study parts.
The FEA analysis and study is performed for 4 different sheet
metal thicknesses, namely 3 mm, 8 mm, 12 mm and 16 mm.

The choice of the thicknesses is made with the criterion of
gradually increasing the metal thickness up to the point where,
while accounting for the deformation of the brace assembly,
the location of the side flange holes rests inside the tolerance
zone, as initially specified in [22].

4.3 Finite element model and analysis

The finite element analysis is performed with the use of the
general purpose CAE package ANSYSWorkbench. In total
4 different models are created for the 4 different sheet metal
thicknesses that are investigated. In order to setup a compu-
tationally efficient model, we consider the symmetry of the
assembly and model the left half of the brace assembly,
making use of symmetry boundary conditions along the
faces lying on the symmetry plane of the assembly.
Additionally, the contacting edges lying on the symmetry

Fig. 3 Initial GPS assigned to the half-brace component [22]
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plane are constrained in the Y and Z directions to prevent
rigid body motion. The dominant loading regime is the
bending of the sheet metal part. In order to properly capture
the bending phenomena, SOLSHELL190 elements are

being used with a minimum of 3 elements along the thick-
ness of the sheet metal components, [24], maintaining a
high level of accuracy while keeping the model computa-
tionally efficient.

Fig. 4 Detailed figure of the model including the form variation

Fig. 5 Initial position of assembled half braces
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The computational mesh is refined in the areas most prob-
able to establish contact in order to maintain an aspect ratio as
close as possible to 1, while in the non-contacting areas is kept
as coarse as possible in order to achieve a high level of accu-
racy with a small number of nodes. Material non-linearities
are included in order to account for any regions of plastic
deformation. In the following figures (Figs. 6 and 7), the com-
putational mesh along with the boundary conditions for the 3-
mm sheet thickness model are presented.

The bolts are omitted from the analysis, and the bolt load is
applied on the vicinity of the brace surfaces where the washers
would establish contact with the sheet metal parts as two equal
in magnitude opposed vectors that sum to a total clamping
force of 7.6 kN for each bolt.

The contact area between the two braces is modelled as a
frictionless contacts region as no relative motion to the inter-
face of the surfaces is anticipated. The pinball region is set to
4 mm equal to the maximum gap along the length of the
contact region. CONTA174 elements are used for the contact
surface and TARGE170 for the target surface.

4.4 Numerical simulation results

In the case of the 3-mm sheet thickness half-brace, for the
dimension assigned as “Y” in Fig. 8 with nominal value of
240 mm, the FE analysis produces a deviation of − 16 mm.
This dimension is inevitably critical since it defines the

location of the Ø12.5 holes that accommodate the M10 bolts,
connecting the assembly to the frame. Moreover, for the over-
all part inner length, assigned as dimension “X” in Fig. 8, the
analysis produces a maximum deviation of 7.2 mm, resulting
in an overall length of 663.2 on the functional, restrained
condition of the half brace assembly.

The deviation that is observed on the Y dimension is of
particular importance, as is considerably larger than the loca-
tion tolerance assigned to the corresponding holes on the ini-
tial GPS scheme. Such a deviation should effectively lead the
part to fail QC inspection as its assemblywith the framewould
not be possible. The analysis’ results make evident that in the
compliant behaviour scale of [17], the 3-mm sheet thickness
half-brace component should be defined as extremely non-
rigid.

Proceeding with the FE simulation for geometries with
greater sheet thickness, so as to establish the critical threshold
above which the part could be safely defined as practically
rigid, the analysis demonstrates that the parts with 8-mm and
12-mm sheet thickness also behave as non-rigid parts. It is
only the 16 mm thickness part that can be safely considered
as a rigid part, resulting in deformation that safeguards its
assembly. The numerical simulation results are summarized
in the diagram provided in Fig. 9, where the deviations of the
critical “Y” and “X” dimensions are related to the sheet metal
thickness. The tolerance zone of 2mm, defined in the assigned
tolerance scheme in [22], is also included for comparison.

Fig. 6 Detail for the computational mesh
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The total deformation calculated through the FE analy-
sis for the cases studied along with the undeformed
wireframe are illustrated in Figs. 10, 11, 12 and 13. The
dimensions of the deformed geometry are presented in
Fig. 14 for comparison reasons with the undeformed ge-
ometry of the 3-mm part (Fig. 4).

The results of the analysis demonstrate that the studied
component cannot be considered and consequently dimen-
sioned as a rigid part. Even for the case of 12 mm thickness,
the distortions induced from functional loads would effec-
tively lead to major problems during assembly. However,
the part would probably not fail during dimensional QC

Fig. 7 Boundary conditions and loadings applied on 1st time step

Fig. 8 Dimensions of the half-brace component most affected by datum flatness deviation
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inspection, which should only be performed at free-form
state as per ISO 8015 according to the initial GPS scheme.
By the application of the final step of proposed approach,
the tolerancing of the part is accordingly modified in accor-
dance with the ISO 10579 concerning non-rigid parts.
Concerning the 16 mm thickness case, the analysis reveals

that the applied functional loads do not distort the part be-
yond the limits imposed by the initial free-state GPS.
Nevertheless, it is considered to exceed the commonly ac-
ceptable thickness limit of the manufacturing process,
which for stamped components is usually less than
12.5 mm.

Fig. 10 3 mm thickness absolute total deformation

Fig. 9 Deviations of critical dimensions under functional load conditions relative to sheet metal thickness
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Fig. 11 8 mm thickness absolute total deformation

Fig. 12 12 mm thickness absolute total deformation
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Fig. 13 16 mm thickness absolute total deformation

Fig. 14 Deformed geometry with dimensioning for the 3-mm case
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5 Conclusions

The application of the proposed methodology illustrates
that in order to select a proper tolerance specification
method, understanding of the compliance behaviour of a
component is of paramount importance, apparently along
with its function requirements and the rules and structures
imposed by the relevant standards. The findings of the
conducted FE analysis point out that the impact of the
datum form deviation to the assembly process can be
heavily underestimated by disregarding the functional
loading conditions and part stiffness, while using the “like
triangles” methodology to perform the tolerance stack up
analysis.

The results of the case study analysis indicate that the ex-
amined sheet metal component is subjected to considerable
distortion during the assembly phase. The distortions of criti-
cal dimensions, such as the location of the M10 bolts, are
quantified, and it is revealed that they lay significantly outside
the tolerance zone defined by the initial, free-state GPS assign-
ment. The fact that these distortions will inevitably create
significant problems to the assembly process with the final
frame is thus confirmed and documented. Besides that, the
overall length of the brace assembly is also significantly af-
fected by the distortion of the two half braces during their
assembly. This distortion, as received from the FE analysis,
is certainly another factor that introduces further risk to the
final assembly process.

Another interesting finding is that even if the component
thickness is increased to 12 mm, a size which does not

intuitively lead to the assumption of a non-rigid part, the lo-
cation of the M10 bolts remained out of tolerance.

The GPS designation in both free and constrained states
through the application of the ISO GPSⒻ symbol, still rather
underused in the industrial practice, is considered essential in
this specific case. In that way, the GPS in the constraint state is
effectively defined and would secure the successful assembly
of the half-brace sub-assembly and the frame. A realistic al-
ternative of such a GPS allocation is provided in Fig. 15. For
the sake of clarity, it is mentioned that the tightening torque
noted on the restrained condition of Fig. 15 is half of the
torque that was used during the analysis. This happens in
order to induce the same amount of deformation on a single
brace during inspection, considering that the bending stiffness
is reduced in half compared with the 2 braces of the case
study.

The presented work does provide a starting point for eval-
uating and consequently classifying components as rigid/non
rigid in a rigorous and systematic way. Further development is
pointing towards a handy, decision-support tool for designers
and engineers that have to designate the most appropriate GPS
scheme in the design phase. In the current stage of develop-
ment of the proposed methodology, it is rather early to deduce
any firm conclusions concerning the correlation between its
application in complex assemblies and DfM important as-
pects, such as the manufacturability cost. Future work will
certainly focus onmore complex parts and assemblies, diverse
production methods and assembly/functional load conditions
and on higher level of efficiency and automation from the
computational implementation perspective.

Fig. 15 Proposed functional GPS assignment to the case study component
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