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thin-walled components allows for lighter products that are 
easier to handle and more environmentally friendly, as less 
material is used and better fuel consumption, therefore less 
CO2  emissions can be achieved for vehicles [1, 2].

Among thin-walled structures, shell-like structures 
receive emphasis. Homogeneous shells and honeycomb 
sandwich plates are commonly encountered [3]. Consider-
ing homogeneous thin-walled structures, the thin-walled 
properties are relevant at the macroscopic scale. In contrast, 
honeycomb sandwich plates exhibit thin-walled properties 
at a lower scale, with the main plate defined by a composi-
tion of plates at a lower scale. Honeycomb cells are used to 
create thin-walled structural elements that combine rigidity 
with lightness and other customizable mechanical behav-
iours [4]. This study focuses on homogeneous thin-walled 
structures only.

A thin-walled homogeneous part, if unsupported, may 
lack rigidity and bend under its own weight, rendering it 
unable to support external loads without buckling. How-
ever, the final product, i.e., the assembly, typically needs 
to be rigid for ease of handling by the end-user. Neverthe-
less, parts included in the assembly may be produced as 

1  Introduction

Deformable parts are becoming increasingly common 
in everyday products. Thin-walled metal or plastic parts 
are found in nearly every engineered product, including 
appliance covers, car dashboards, bodywork, etc. Using 
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deformable parts. This implies that the part is deformable in 
its free state but becomes stable and rigid once assembled 
[5].

When dealing with deformable parts, extensive literature 
about the optimization of clamping location and or sequence 
can be found. The aim is to limit and control geometrical 
variations of the final assembly. These methodology are 
based on Finite Element Method simulation (FEM). Most 
contributions deal with sheet metal parts and assemblies 
commonly found in the automotive and aerospace sectors. 
Sellem and Rivière propose a mechanical approach using 
influence coefficient matrices to compute tolerances for 
welded, bolted, riveted, or glued sheet metal parts [6]. Liu 
and Hu introduce an “offset finite element model” to predict 
assembly variability in spot-welded sheet metal parts [7]. 
Liu, Hu, and Woo discuss differences between “series” and 
“parallel” assemblies, finding lower variability in parallel 
assemblies [8]. The Influence Coefficient method, which 
links the assembly’s spring-back to its free-state condition, 
was developed to determine the “as assembled” configu-
ration [9]. This method was further refined to account for 
shape defects and contact modelling [10, 11]. A compre-
hensive summary of these methodologies is available in the 
literature [12].

Regarding the optimization of the assembly process for 
deformable parts, it must be considered that these parts 
endure deformation during the assembly. Typically, the final 
configuration of the part is ideally reflected in the fixturing 
system used in the assembly station which imposes an over-
constrained deformation [9]. The assembly process for a 
deformable part is commonly made of four steps: the part is 
positioned in the fixture (isostatically), the part is iperstati-
cally clamped, the parts are joined together, and finally the 
assembly is released from the fixture [13].

Different steps of the assembly process were previously 
covered such as the fixture design [14–16], the clamping 
procedure [17–19], and also welding distortion [20–23]. 
Parallelly, the optimization of these steps has been pre-
sented [24–27].

All these methodologies pertain to the manufacturing 
stage of the product. The parts’ geometry, and their mutual 
interfaces, are already defined. The free variables are, on 
one side, the manufacturing tolerances; on the other, the 
assembly tooling and or sequence.

Methodology to deal with deformable parts during 
inspection was also explored. Radvar-Esfahlan and Tahan 
present the Generalized Numerical Inspection Fixture 
(GNIF) for fixtureless inspections of freeform surfaces 
on non-rigid thin-walled parts [28]. This method assumes 
isometric deformation, maintaining constant geodesic dis-
tances between internal points during deformation. Corre-
spondent points between the CAD model and the freeform 

acquired model are defined using this assumption. Subse-
quent improvements to this framework include enhanced 
boundary conditions and automation [29, 30]. To address 
the loss of information in a fully clamped configuration, 
Lindau et al. proposed measuring with a three-point support 
setup, simulating the clamped state via FEM simulation and 
the influence coefficient method [31]. Morse and Grohol 
contributed an efficient methodology for fixtureless inspec-
tion of non-rigid parts by performing FEM simulation on 
nominal geometry independently of actual data [32].

In this paper, the focus is on the design phase. Specifi-
cally the nominal design phase. Geometrical variability is 
not considered at this stage. The aim is to design the nomi-
nal geometry of a deformable part considering the ease of 
assembly and the final rigidity of the product. Mechani-
cal rigidity primarily depends on material properties (i.e., 
Young’s modulus), part geometry (mass distribution), and 
external constraints. In this context, material and geom-
etry are considered fixed, leaving constraint location (i.e., 
mechanical interfaces), as the sole degree of freedom for 
affecting part rigidity. Deformable parts require multiple 
anchor points to achieve stable, rigid configurations. The 
greater the number of anchor points, such as snap fits, rivets, 
or bolts, the more complex the assembly process becomes. 
If geometric tolerances are taken into account, it can be 
demonstrated that as the number of shaft hole elements that 
need to meet increases, the play between parts decreases, or 
the interference becomes greater [33]. Consequently, align-
ment becomes more precise, necessitating dedicated align-
ment tools and/or more time to achieve a usable alignment.

Traditional assembly methods, such as screws or bolts, 
result in increased assembly time proportional to the num-
ber of anchor points. Consequently, more anchor points 
inevitably lead to inefficient assembly procedures.

The Boothroyd-Dewhurst Design for Assembly (DfA) 
Method [34–37] offers a methodology for quantifying 
assembly efficiency. The DfA Index (%) primarily consid-
ers the number of parts in the assembly versus the mini-
mum number required for the same functionality, as well as 
assembly time.

Increasing the number of anchor points in a deformable 
part reduces the DfA Index due to increased assembly time. 
Proper design of interfaces is thus necessary to increase the 
DfA index by minimizing assembly time, given fixed geom-
etry and part count.

Since its introduction, the DfA method has been wide-
spread in industry and over the years has been applied in 
many different fields of application [38], from the well-
established automotive [39] and aerospace [40], up to 
the building construction sector [41, 42]. It has also been 
used to optimize assembly sequences [43]. To the best of 
the authors’ knowledge no effort towards an application 
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dedicated to deformable parts considering the peculiarity of 
the interfaces required for such parts can be found.

Therefore, to fill this gap, this paper aims to maximize 
the DfA index for deformable components by design-
ing anchor locations to minimize their number through 

a simulation-based approach. A methodology based on 
modal analysis during the design phase will be presented 
to minimize the number of anchor points needed to achieve 
a stable, sufficiently rigid configuration. The minimization 
of anchor points enables a simpler assembly process there-
fore minimising the assembly time leading to a higher DfA 
index. The same methodology will also be applied to rede-
sign existing components to achieve the same rigidity with 
fewer anchor points.

The paper will present the methodology in Sect. 2, vali-
date it in Sects. 3 and 4, and present increasingly complex 
case studies in Sect. 5, and conclude with discussions.

2  Tools and methods

The concept of rigidity is closely tied to the concept of natu-
ral frequency. A higher natural frequency indicates greater 
rigidity and lower deformations under the same external 
loading conditions [44–46]. Thus, it is possible to translate 
the problem of achieving a certain level of rigidity in the “as 
assembled condition” into the problem of attaining a prede-
termined natural frequency. The natural frequency depends 
on the part’s intrinsic rigidity and the boundary conditions, 
i.e., the constraints. By adjusting the constraints, it is possi-
ble to alter the natural frequency of the “as assembled” part.

The overall methodology is illustrated in Fig.  1. In 
essence, starting from the CAD model of the part, a Finite 
Element Method (FEM) model is generated by appropri-
ately meshing the geometry. The initial constraint, or set of 
constraints, is introduced to achieve an isostatic configura-
tion. Subsequently, based on eventual symmetry conditions, 
additional constraints may be added to create a symmetrical 
model if needed in the design. Modal analysis is then con-
ducted to determine both the first natural frequency and the 
associated modal deformation. If the first natural frequency 
exceeds the target natural frequency, the process concludes 
as a rigid configuration has been achieved. Conversely, if 
the modal deformation indicates otherwise, an additional 
constraint is applied at the location of the maximum modal 
deformation, and the process is iterated.

2.1  Preliminary steps

Before proceeding with the methodology, several prelimi-
nary steps are necessary: determining the target natural fre-
quency in the constrained state, defining the symmetry of 
the part, establishing the domain in which anchor points can 
be placed to meet the adjacent parts, and identifying the ini-
tial point/points.

Fig. 1  Overall methodology
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requires adding symmetric anchor points corresponding to 
each anchor point added to the model. At each step, at least 
two anchor points are added, unless the anchor point coin-
cides with the symmetry plane.

2.1.3  Admissible anchor point location

When designing anchor point locations, the position of adja-
cent parts needs to be considered. Therefore, anchor points 
cannot be placed randomly all over the part geometry. The 
determination of the area in which anchor points are allowed 
becomes crucial for the methodology.

2.1.4  Location of the initial point

To run the procedure, a starting point needs to be selected. 
The initial anchor/anchors configurations must be at least 
isostatic, meaning that they need to block all six degrees of 
freedom. If mandatory anchor points are needed, these must 
be used. If no mandatory anchor points are required, the 
initial condition can be chosen randomly by the designer. 
A more structured approach is represented by choosing 
the location through a free-state modal analysis. The first 
anchor point can be placed in the location of the maximum 
displacement associated with the first non-null natural fre-
quency determined in the free state.

2.2  Implementation

The creation of the FEM model from the CAD geometry is a 
crucial step. Beam and shell elements should be preferred to 
obtain more representative results for the natural frequency 
of thin or slender parts, which are mostly subject to deform-
ability before assembly.

Once the FEM model has been created (meshed with 
material properties), the first interesting test is to assess the 
maximum natural frequency that can be reached by consid-
ering the entire area where anchor points are allowed. This 
corresponds to a glueing process applied to the entire area. 
At this point, the first set of isostatic constraints needs to be 
added. If the type of anchor to be used is assimilated to an 
interlocking constraint, only one constraint can be added. 
Otherwise, a congruent number of constraints need to be 
added to lock all 6 degrees of freedom of the part. If manda-
tory anchor points are needed and defined in the preliminary 
phases, they need to be added even if they already represent 
a hyperstatic solution.

Contacts between parts are not considered allowing to 
perform linear modal analysis instead of non-linear analy-
sis. It must be noted that this influences the final result. At 
the same time, as previously mentioned, the main usage 
of the presented methodology is comparative, therefore as 

2.1.1  Target natural frequency determination

Firstly, the target natural frequency needs to be determined. 
Two main cases can be identified: the design case and the 
re-design case.

In the design case, which occurs when a new part for a 
new product needs to be designed, the aim is to avoid “over-
engineering” the part by using more anchor points than nec-
essary. In this scenario, the target natural frequency can be 
determined by analyzing previous designs of similar com-
ponents that were sufficiently rigid. FEM simulations may 
also provide a valid alternative.

The re-design case involves a functional product that 
is already available, such as a product on the market or a 
working prototype. In this case, the geometry and anchor 
points of the part are already defined. If the rigidity of this 
part is satisfactory, it can serve as a baseline, and its natu-
ral frequency in the constrained state can be defined as the 
target for the re-design. Therefore, the objective is to deter-
mine whether the same rigidity, measured by the natural fre-
quency, can be achieved using fewer anchors.

If the rigidity is unsatisfactory, a target natural frequency 
needs to be defined, similar to the design case. The method-
ology is then employed to maximize rigidity by adding one 
anchor point at a time.

It is not possible to provide general values for the tar-
get natural frequency. Each case study needs to be analyzed 
independently. The main usage of the presented tool is com-
parative, allowing to compare different design options, and 
or, comparing new designs with current solutions.

2.1.2  Symmetry determination

Part symmetry represents an important feature of parts opti-
mized for the assembly process. A symmetric part requires 
fewer operations to be correctly aligned for assembly, 
thereby reducing assembly time [47]. While a part may pos-
sess various symmetry planes in its geometry when con-
sidered without anchor points, the random placement of 
anchor points can render the part asymmetric. Moreover, if 
the asymmetry results from the locations of anchor points, 
establishing the part’s orientation becomes even more chal-
lenging, indeed the part can be considered as “slightly” 
asymmetrical or “almost-symmetrical” [47].

If the proposed procedure is applied without considering 
any symmetry constraints, the anchor point locations may 
be asymmetric even with a symmetric part. To address this 
issue, it is important to predetermine the symmetry condi-
tions desired in the design. Symmetry conditions are not 
essential for running the proposed methodology, even if 
are important features of parts optimized according to the 
DfA principles. If symmetry conditions are requested, this 
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3  Validation

To validate the approach, a series of sensitivity analyses are 
conducted on a simple planar rectangular plate measuring 
200× 400mm2, with a thickness of 1mm . The part is made 
of plastic (PLA) with the following mechanical properties: 
Young’s modulus E = 3.1GPa , density δ = 1240 kg/m3,

Poisson’s ratio ν = 0.3. The anchors are allowed only 
along the external perimeters, positioned 5mm  from the 
border. A schematic representation of the case is depicted 
in Fig. 2.

Both the cases considering the two median planes of 
symmetry and the non-symmetric case are evaluated to look 
for differences in performance. Five different starting points 
are considered: corner (case 1), short side midpoint (case 2), 
long side midpoint (case 3), short side random point (case 
4), and long side random point (case 5). Figure 2 shows the 
positions of the initial points that were used. Therefore, a 
total of ten cases have been analyzed.

The proposed methodology has been followed for each 
of the cases up to at least twelve constraints in total. The 
increase in natural frequency is recorded and compared. The 
FEM mesh is defined by shell elements (CQUAD4) with 
dimensions of 5× 5mm2.

To check whether the added constraint is optimal, a sen-
sitivity analysis is performed by changing the position of an 
additional constraint around the position indicated by the 
methodology.

soon as the same simulation hypothesis are used the results 
can be compared and therefore design decisions can be 
made. Furthermore, being a design tool, the full interface 
geometry might not be available, therefore, it is not possible 
to appropriately account for contacts between parts.

Symmetries are then considered, and symmetric anchor 
points are added as needed.

The modal analysis is then performed. In this paper, 
PATRAN/NASTRAN is used to conduct FEM simulations 
(Normal modes, SOL 103). Both the first natural frequency 
and the corresponding translational deformation (Eigenvec-
tor) are recorded.

The natural frequency is compared to the target natural 
frequency. If the natural frequency is higher than the target, 
the component is considered rigid enough, and the anchor 
points defined so far are deemed optimal, concluding the 
design. If the natural frequency is lower than the target, the 
rigidity needs to be increased by adding additional anchor 
points. The additional anchor point is added at the location 
of the maximum eigenvector translation to block the cor-
responding deformation mode. The addition of this new 
constraint prevents the part from deforming according to 
the modal deformation. Being any possible deformation 
of a body the linear combination of all its modal deforma-
tions, by preventing the part from deforming according to 
a model deformation associated with a specific natural fre-
quency, the new natural frequency of the part will be higher, 
therefore the rigidity increases.

A new modal analysis is performed, and the procedure 
is iterated.

Fig. 2  Validation case geometry, admissible anchor point location, and starting point locations
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frequency, as seen for the random starting point on the short 
side. At the same time, the natural frequency reached with 
ten anchor points is not far from the one found applying the 
symmetry conditions.

The iterations obtained using the non-symmetries are 
presented in Table 2. In each case, twelve steps are required 
since one single anchor point is added per iteration. It can 
be noted that the natural frequency reached with twelve 
anchor points converges around 35Hz , similar to the case 
with symmetry. In two cases, the procedure converges to 
the same solution: starting point in the corner and the long 
side midpoint. In these instances, the anchor points reach 
a quasi-symmetrical configuration; the symmetry is broken 
by just one anchor point location which is offset by a single 
node (5mm ). Therefore, the solution might be considered 

4  Results

The maximum natural frequency obtainable by blocking 
all nodes along the line where anchor points are allowed is 
51.51Hz .

The iteration results using symmetries are presented in 
Table 1. It can be noted that if the starting point coincides 
with a symmetry plane (Case 1.2. and 1.3.), or is placed in 
the corner (Case 1.1.), the procedure converges in four itera-
tions to the same solution with twelve constraints. The step-
by-step convergence can be seen in Fig. 3. Starting with a 
point in a random position (Case 1.4. and 1.5.), the iteration 
diverges from the previous cases. Referring to Case 1.4., 
the final result requires fourteen anchor points; the use of 
two additional anchor points does not imply a higher natural 

Table 1  Natural frequencies obtained using symmetries
Case 1.1. Case 1.2. Case 1.3. Case 1.4. Case 1.5.
Corner Short side midpoint Long side midpoint Short side random Long side random
Constrains fn Constrains fn Constrains fn Constrains fn Constrains fn

2 - 2 6,60 2 3,36 2 - 2 -
4 7,41 4 18,78 4 18,78 4 8,33 4 10,80
6 23,48 6 - 6 - 6 26,79 6 30,22
8 32,05 8 27,38 8 27,38 8 - 8 -
10 - 10 - 10 - 10 35,11 10 31,56
12 35,89 12 35,89 12 35,89 12 - 12 37,35
14 - 14 - 14 - 14 35,86 14 -

Fig. 3  Step-by-step convergence for the symmetric case
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symmetrical and modelled as such with minimal impact on 
the natural frequency.

Figure 4 shows the dispersion of the natural frequencies 
reached with different numbers of anchor points. It can be 
observed that the mean natural frequency as a function of 
the number of anchor points presents an asymptotic con-
vergence to the maximum obtainable natural frequency. 
Consequently, the increase in natural frequency given by 
each additional constraint decreases as the total number of 
anchor points increases. This effect is also evident in Fig. 5, 
where the average contribution to the natural frequency for 
each anchor point is plotted as a function of the total number 
of constraints. It can be observed that six anchor points rep-
resent the most efficient configuration, in which each anchor 
point contributes the most to the rigidity of the part. Beyond 
that point, the average natural frequency provided by each 
constraint decreases in an almost linear manner.

From Fig. 4 it is also evident that the variability of the nat-
ural frequency is higher for a low number of anchor points, 
indicating that the result is less sensitive to initial conditions 
(symmetries and initial anchor point) with a higher number 
of anchor points. This effect is clearly illustrated in Fig. 6; 
from seven anchor points onwards, the dispersion (standard 
deviation) is approximately around 5% (2% < σ < 7%). 
For lower numbers of anchor points, the dispersion exceeds 
15%  of the mean value, reaching up to 38%  for four anchor 
points.

In Fig. 7, the average natural frequencies obtained using 
symmetry and without symmetry are compared. It can be 
observed that the overall trend is similar, but for a low num-
ber of constraints, the use of symmetry appears to yield 
better results, which is particularly evident for four and six 
anchor points. For eight, ten, and twelve anchor points, no 
significant differences can be observed.

To test whether the additional anchor point placed in cor-
respondence with the maximum translation deviation of the 

Table 2  Natural frequencies obtained without symmetries
Case 2.1. Case 2.2. Case 2.3. Case 2.4. Case 2.5.
Corner Short side midpoint Long side midpoint Short side random Long side random
Constrains fn Constrains fn Constrains fn Constrains fn Constrains fn

1 0,24 1 0,17 1 0,24 1 0,16 1 0,22
2 4,30 2 4,07 2 2,94 2 4,46 2 4,09
3 4,87 3 7,15 3 9,73 3 6,39 3 7,46
4 7,41 4 9,12 4 10,04 4 9,90 4 9,88
5 11,32 5 19,92 5 11,32 5 18,44 5 16,73
6 23,48 6 21,74 6 23,48 6 18,94 6 18,25
7 23,61 7 25,94 7 23,61 7 26,18 7 26,05
8 26,81 8 28,35 8 26,81 8 29,80 8 26,95
9 27,53 9 30,72 9 27,53 9 31,45 9 30,33
10 32,06 10 31,44 10 32,06 10 33,77 10 31,65
11 33,01 11 34,74 11 33,01 11 34,12 11 34,17
12 35,98 12 35,46 12 35,98 12 34,73 12 36,67

Fig. 5  Average natural frequency contribution of each anchor point as 
a function of the total number of constraints

 

Fig. 4  Natural frequency dispersion considering all ten cases
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eigenvector is the best possible solution, a test placing the 
anchor point around the one defined by the methodology is 
performed, and the results are shown in Fig. 8.

Testing the position of the fourth anchor point, defined 
without using symmetries and with a random starting point 
along the short edge (Case 2.4.), it can be seen that the addi-
tional anchor point is not in the optimal position, yet very 
close to the optimal position. The increase in natural fre-
quency is around 10%  less than the maximum obtainable. 
The same behaviour can be noted for the definition of the 
fifth anchor point; in this case, the difference with the opti-
mal point position is even smaller.

5  Case studies

Two different case studies derived from actual industrial 
cases are investigated.

5.1  Washing machine back cover

The first case study is represented by a washing machine 
back cover. In Fig.  9 the actual geometry of the part, the 
simplified CAD Model, and the FEM model are depicted.

Being subject to vibration, the washing machine back 
cover needs to be rigid enough to prevent vibrations and 
noise during use. The current design incorporates a total 
of ten anchor points divided between clamps and screws, 
as highlighted in Fig.  9.a), for the sake of simplification, 
both anchors have been idealized with an interlocking con-
straint. The constraint location is idealized along a line with 
a 5mm  offset from the external border, considered as the 
admissible anchor point location for the iterative process. 
The mesh is defined by shell elements (CQUAD4); a mesh 
seed of 5mm  was set to have a node every 5mm  along 
the admissible anchor point location. The thickness of the 
part is 2mm , and the material has the following mechani-
cal properties: E = 2.3GPa , δ = 1020 kg/m3, ν = 0.38.

Four different settings have been tested:

	● Symmetric condition (plane x-z) and starting point over 
the symmetry plane (Sym. v01).

	● Symmetric condition (plane x-z) and starting point de-
fined by the free state modal analysis (Sym. v02).

	● Non-symmetric condition (plane x-z) and starting point 
over the symmetry plane (Not Sym. v01).

	● Non-symmetric condition (plane x-z) and starting point 
defined by the free state modal analysis (Not Sym. v02).

The results are summarized in Fig. 10. Here, the difference 
between the natural frequency and the maximum obtainable 
natural frequency is reported. The baseline result, obtained 

Fig. 8  Increase in natural frequency placing the additional anchor point 
around the point defined by the methodology, the x-axis represents the 
number of nodes from the node defined by the methodology in the 
anticlockwise direction along the admissible anchor point location (see 
Fig. 2 for reference)

 

Fig. 7  Comparison between the average natural frequency obtained 
using symmetries and without using them

 

Fig. 6  Relative natural frequency dispersion, measured as standard 
deviation, as a function of the total number of constraints
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as the baseline: case Sym. v02 with a natural frequency 
of33.97Hz .

If 95%  of the baseline natural frequency (32.25Hz ) is 
considered as the goal (dashed orange line), it can be seen 
that three out of four conditions have a greater natural fre-
quency using a total of seven constraints. Only the case 
Sym. v01 has a lower natural frequency (32.05Hz ) with 
seven constraints.

5.2  Motorbike front fairing

The second case study looks at the front fairing of a motor-
bike. In Fig.  11 the actual geometry, the simplified CAD 
model, and the FEM model are presented.

In this case, the actual geometry was 3D scanned using 
an EinScan Pro HD. Using Fusion 360 from Autodesk, a 
NURBS polysurface was reverse-engineered. In Rhino7, 
the median surface was defined and exported as a Parasolid 
file to be imported into Patran for the creation of the FEM 
model. The mesh was created using both quadrangular ele-
ments (CQUAD4) and triangular elements (TRIA3). The 
thickness derived from the actual geometry is 2.5mm . The 
same mechanical properties as for the previous case study 
are assumed.

The actual geometry has a total of six anchor points 
located as shown in the FEM model in Fig. 12. In the same 

using the original constraint location and number (see 
Fig. 9) is 33.94Hz  versus a maximum obtainable natural 
frequency of 34.50Hz .

It can be noted that the non-symmetric cases are almost 
perfectly overlapped. A significant difference can be seen 
for the symmetric cases; the best starting point is the one 
obtained through a free-state modal analysis. It can also be 
seen that only in one case a natural frequency greater than 
the baseline is reached for the same number of constraints 

Fig. 10  First case study results

 

Fig. 9  First case study actual part (a), CAD model (b), and FEM model (c)
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figure, the admissible anchor point location is delimited. 
The baseline natural frequency is 6.89Hz , and the maxi-
mum obtainable natural frequency is 7.57Hz .

Using a starting point defined by the free state model 
analysis the result obtained can be seen in Fig. 13.

It can be noted that with three anchor points, a natu-
ral frequency greater than the baseline (6.89  Hz) can be 
reached by selecting the anchor point location according 

Fig. 13  Second case study results

 

Fig. 12  Second case study original anchor points location, and admis-
sible anchor point location subsequently used

 

Fig. 11  Second case study actual part (a), CAD model (b), and FEM model (c)
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except for FEM software, which is often available within 
standard CAD software packages [48].

In the validation example, it was shown that for a low 
number of constraints, the variability (standard deviation) of 
the natural frequency is high, up to almost 40% of the mean 
value. The dispersion considerably decreases for a higher 
number of constraints. Theoretically, for an infinite number 
of constraints, which represents glueing between parts along 
the entire possible connection area, the variability is zero. 
This indicates that for cases with a low number of connec-
tion points, there is room for further optimization of anchor 
locations to overcome the inherent sensitivity of the meth-
odology to the initial anchor points.

Optimization routines require dedicated applications 
capable of performing optimization, making it less straight-
forward for designers. Nonetheless, it is worth exploring the 
possibility of creating an automatic tool in the future capa-
ble of finding the optimal location of a given number of con-
straints within the admissible domain. This can be achieved 
using a platform that enables CAD modelling, FEM simula-
tions, and the ability to code an iterative routine to search 
for the optimum. The possibility of reaching a local opti-
mum should be considered and automatically avoided.

Referring to the results of the validation case study, par-
ticularly Fig. 8, it’s evident that the location of the anchor 
point determined by the methodology does not precisely 
match the optimal location. This discrepancy arises because 
adding a new constraint alters the modal deformation, 
implying that a specific optimum exists for each distinct 
number of constraints. The step-by-step procedure pro-
posed in this work has the limitation of keeping the pre-
viously defined constraints fixed, thereby constraining the 
solution. However, it’s worth noting that the point defined 
by the methodology is close to a local maximum and distant 
from local minimums, allowing for the implementation of 

to the proposed methodology. Figure 14 shows the location 
of these three anchor points and the corresponding modal 
analysis.

6  Discussion

The proposed methodology aims to provide designers with 
a formal approach to designing anchor points for deform-
able parts that need to achieve a stable configuration in their 
assembled state. The goal is to minimize the number of 
anchor points to simplify the assembly procedure and maxi-
mize the DfA index.

The procedure is inherently based on a worst-case sce-
nario: it neglects the contact between parts, thereby under-
estimating the natural frequency and rigidity of the system. 
This fact implies considering only bilateral constraints and 
neglecting unilateral constraints. If full contact between the 
parts is considered, it limits the possible deformation of the 
part that is considered. As a consequence, the rigidity of 
the system is higher. Therefore, not considering the contact 
modelling in the FEM simulation coincide with consider-
ing a less rigid assembly, this condition is in safety favour. 
Furthermore, it is noteworthy to point out that the value of 
the methodology lies in its comparative analysis, so this 
limitation does not impede its implementation. However, 
further development of the methodology could investigate 
the effect of proper contact modelling in this design proce-
dure. Contact modelling is crucial for all the methodologies 
dealing with the optimization of clamping and/or assem-
bly sequences aiming to reduce and/or control geometrical 
deviation from nominal. In this case, since the actual value 
of the deviation is of interest, contact modelling becomes 
important.

The methodology, as presented in this work, is easy to 
implement for designers and requires no dedicated tools, 

Fig. 14  Second case, a) location of three anchor points, and b) the correspondent modal analysis
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The presented application might find several applications 
besides design. It can be used in production to determine 
the optimal fixturing of the workpiece during tooling. In this 
case, having simple fixturing allows for quicker production. 
Additionally, having the ability to evaluate the rigidity of 
the workpiece in its fixturing helps to avoid issues related 
to workpiece vibration relative to the tool, increasing pro-
duction quality. Similarly, it can be used during inspection 
to evaluate the part placement and fixturing to decrease the 
uncertainty due to the deformability of the part. In this case, 
the aim is to simplify the placement and fixturing, allowing 
quicker and more reliable inspection.

7  Conclusions

This paper aims to propose a methodology to design the 
anchor points location for deformable parts that need to 
reach a stable configuration once assembled.

The proposed methodology is relevant for the design 
phase when the designer is tasked with creating a nomi-
nal geometry fulfilling functional requirements. Designers 
using the proposed methodology can define the minimum 
number of anchor points fulfilling the desired final rigidity 
of the assembly. By doing so, the assembly process becomes 
easier for fewer features to be aligned and/or fewer connec-
tions to be used. As a consequence, the assembly time can 
be minimized therefore maximising the DfA index. Besides 
this application, in the Discussion section, further possible 
applications relevant to manufacturing and quality control 
departments are provided.

The methodology was validated through a simple case 
study where different settings for the methodology were 
tested. It was shown that the methodology exhibits an 
asymptotic trend towards the maximum obtainable natural 
frequency. Furthermore, different settings converge to the 
same, or very similar, final solutions. The variability among 
different settings opens the possibility to explore possible 
refinements to the methodology, exploring optimization 
routines to find, for each number of anchor points, the global 
maximum natural frequency, and therefore rigidity.

Two increasingly complex case studies were also pre-
sented and studied. In particular, referencing the motorcycle 
front fairing, applying the methodology made it possible to 
achieve the same rigidity with fewer than half the anchor 
points of the original design, proving its effectiveness.
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an automated routine to search for the optimal point using 
differential analysis.

In the first case study, it’s observed that the methodology 
fails to find a better solution than the existing design (achiev-
ing a greater or equal natural frequency with fewer anchor 
points). This limitation arises because the actual constraints 
enable the attainment of 98%  of the maximum obtainable 
natural frequency. The modal analysis of the baseline case 
for the plastic cover is depicted in Fig. 15. Here, it can be 
observed that the part exhibits box-like behaviour, with 
vibrations limited to the central portion while the perimeter 
frame remains rigid. Adding further constraints and/or rear-
ranging the existing ones can only marginally impact the 
natural frequency since the internal shell of the part remains 
unaffected by the modification.

This case might represent an overengineered part. It has 
been demonstrated that 95%  of the baseline natural fre-
quency can be achieved with seven constraints compared 
to the ten used in the baseline design. Another design issue 
might be represented by the fact that the part can be divided 
into two portions: the frame and the internal shell, where 
the frame is much stiffer than the other. Meanwhile, anchor 
points are only possible along the frame, meaning that the 
deformability of the internal shell is almost independent of 
the anchor point’s location. A less rigid frame allows for bet-
ter optimization of anchor point locations.

Looking at the second case study, it’s evident that a dras-
tic redesign is possible. The baseline design has a total of 
twelve anchor points, translating into six for the symmetric 
model used for the FEM analysis. Running the proposed 
methodology, a configuration with a total of 6 constraints 
(3 per side) can achieve a natural frequency higher than 
the baseline design. This means that such a configuration is 
much easier to assemble since only six shaft-hole connec-
tions/holes need to align compared to the baseline design 
which requires double the elements to align. The result is 
that the alignment time during assembly is lower. At the 
same time, assuming that only screws are used to lock in 
place the front fairing, the time to fasten the connection ele-
ments can be halved. This implies a significant impact on 
the DfA index.

Fig. 15  First case study baseline simulation
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