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Abstract:  
This study focused on optimizing retention geometries for automotive 
interior door panel assemblies using ultrasonic welding, a preferred 
technique due to its strength and clean aesthetic appearance. The research 
aimed to resolve the conflict between tight spatial constraints and the need 
to maintain structural integrity during side-impact collisions. Using a Design 
of Experiments approach based on the Taguchi L8 method, four key 
parameters were evaluated: height, length, number of reinforcements, and 
component clearance. Models designed in the computer and developed in 
Siemens NX were validated through finite element analysis to quantify 
stiffness, maximum retention force, and stress concentration using 
different ANSYS software. The optimized configuration – featuring a 10 mm 
height, 15.5 mm length, three reinforcements, and 0.5 mm clearance – 
increased strength by 33.8% (234.2 N vs. the traditional 175 N design) while 
reducing the required manufacturing area by 74%. 
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1. INTRODUCTION  
 

The automotive sector continues to evolve as 
manufacturers face increasing pressure to improve 
design efficiency, cut emissions, and adopt 
sustainable practices [1,2]. In response, key vehicle 
components are being redesigned, and advanced 
production methods are being introduced, 
particularly in interior door panel systems [3-5]. 

These components play a dual role; they must 
satisfy visual and design expectations while 
contributing to passenger safety by absorbing 
lateral impact energy during collisions. The panels 
are assembled using stakes specifically designed to 
hold the subassembly of the interior door panels. If 
these stakes do not maintain a minimum retention 
force between the plastic panel components, they 

can detach, potentially injuring the vehicle’s 
occupants. 

Additionally, optimizing the geometry of these 
components offers advantages such as size 
reduction, which in turn decreases weight by using 
less material in their production. Typically, these 
panels are constructed from polymer-based, multi-
material assemblies. They are joined using 
mechanical fasteners, such as screws and clips, as 
well as more modern solutions, including stakes 
joined by ultrasonic welding [6-8]. 

Ultrasonic welding (UW) [9,10] is a method for 
joining thermoplastics; offering superior bond 
strength and a clean appearance without the need 
for adhesives or additional mechanical fixtures [11]. 
UW is a joining process that utilizes high-frequency 
mechanical vibrations to fuse materials, mainly 
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thermoplastics and metals, without requiring 
additional fluxes, adhesives, or fasteners. By 
applying ultrasonic vibrations (20–40 kHz) to the 
workpieces, localized frictional heat is produced at 
the interface, causing the material to melt and form 
a robust, permanent bond upon solidification [9]. 
These joining methods are vital for interior door 
panel subassemblies, where crash-resistant 
structural integrity is non-modifiable [12,13]. 

However, the geometric constraints imposed by 
miniaturization can modify manufacturing 
methods, assembly strategies, and equipment 
capabilities, often compromising the effectiveness 
of weld joints, creating an equilibrium between 
design aesthetics and functional performance [14]. 
These difficulties increase when adjusting scaling 
retention geometries. Increasing sizes may enhance 
mechanical strength, but they also limit design 
adaptability. Components could detach during 
impacts if not properly optimized, creating serious 
safety risks [15]. Current industry practice often 
defaults to conventional screw fastening for 
compact components, despite increased 
manufacturing complexity and costs [11]. 

An effective resolution requires concurrent 
engineering approaches that balance aesthetic 
intent with technical feasibility during early design 
phases. Post-design modifications lead to costly 
reengineering efforts and may compromise product 
performance [16]. This research specifically 
addresses the optimization of ultrasonic welding 
retention geometries for interior door panels, 
targeting maximum performance within stringent 
spatial constraints (15.5 mm × 9 mm × 15 mm) [14]. 
It is essential to note that efficiency is closely tied to 
optimizing the geometry of the stake. If the size of 
the stake is reduced, both the material volume and 
the area will be smaller than those of the original 
geometry. However, the key parameter that would 
see improvement is the retention force. Taking this 
into account and the dimensional restriction, it is 
expected that by optimizing the geometry of the 
stake, the retention force can be increased up to 
201.25 N, which corresponds to an increase of 15% 
concerning the current geometry and that 
continues to comply with the INTSMT-40 internal 
standard (greater than 150 N), contributing to 

increasing the safety factor without capital 
investment or changes in the assembly strategy and 
methods.  

The methodology integrates CAD modeling with 
finite element analysis (FEA), a computational 
technique critical for predicting structural behavior 
and optimizing automotive components [11,17-21]. 
This approach was utilized by Milojevic and Pesic 
[22], who investigated how increased mass and the 
specific installation of compressed natural gas 
(CNG) supply lines (from cylinders to a bus engine) 
affect stress concentrations. The study highlights 
the crucial role of finite element analysis (PAK 
software) in addressing automotive design 
challenges and validating structural integrity under 
extreme inertial loads. This procedure ensures 
structural integrity while minimizing detachment 
risks during collisions, with statistically validated 
performance parameters [5].  

 
2. MATERIALS AND METHODS  
 

The stake optimization methodology employed 
a systematic DoE approach to evaluate the critical 
geometric parameters that affect retention 
performance. The simulation was conducted on a 
workstation HPC (High-Performance Computer) 
with 192 cores. The software program used during 
the investigation was Siemens NX for design, Oasys 
PRIMER 19.0 for pre-processing (mesh, fixed load, 
boundary conditions, etc.), ANSYS LS-DYNA 12.2.1 
for processing/solution (solving the equation 
system), i.e., the quasi-static simulation of the UW 
processes, and Beta CAE META 24.1 for result 
analysis. The study specifically investigated four key 
variables: stake height (h) (mm), stake length (l) 
(mm), number of reinforcement ribs (#), and 
component gap (δ) (mm). The parameters were 
selected based on an analysis of blade-type 
retention stake geometries in the automotive 
industry, based on manufacturer and supplier data 
regarding interior assemblies, as well as the most 
commonly used dimensional and retention 
characteristics (see Table 1). This study enabled the 
identification of the four critical variables governing 
design performance. 
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Table 1. Geometric dimensional parameters from comparable vehicle platforms 

Geometric analysis 

Variable #1 #2 #3 #4 #5 #6 
Min. 
value 

Max. 
value 

Height (mm) 10 8.5 12 9.0 12.5 10.0 8.5 12.5 

Length (mm) 8.0 7.5 15 10 17.0 7.5 7.5 17.0 

Number of rib-type reinforcements 0 4 1 3 3 4 0 4 

Gap between components (mm) 0.1 0.1 0.5 0.1 0.1 0.5 0.1 0.5 

 
2.1 Considerations of the Model 

 
Siemens NX software was utilized to create 3D 

models through computational modeling. The 
models comprised reinforcement structures 
optimized topologically, intricate curvature profiles 
that aligned with OEM requirements, and weld 
interface shapes that adhered to ultrasonic joining 
standards. Geometry simplification was utilized to 
prepare the CAD models for FEA, while maintaining 
essential features. Convergence was confirmed 
through adaptive meshing, and material properties 
were assigned using an isotropic thermoplastic 
framework. To create an accurate simulation, 
assembly constraints related to limitations were 
added. This methodology supports viable 
manufacturing processes and provides a 
measurable assessment of parameters such as 
structural rigidity (K) in N/mm, maximum retention 
force (F_max in newtons), localized stress 
amplification (K_t), and the reliability of weld cords 
under typical load conditions. 

The integration of CAD and FEA can lead to 
optimized geometry of energy-directing features in 
ultrasonic welding applications that focus on thin-
walled polymer assemblies in automotive interiors. 
The combination of technical precision in 
parameter specification and rigorous analytical 
methods results in manufacturable solutions that 
meet industry performance standards. 

Fig. 1 displays the methodology used for 
geometric modifications, considering different 
control variables. Taguchi designed the L8 
orthogonal array for four-factor experiments with 
two levels (maximum and minimum values). The L8 
array limits the necessary combinations while still 
permitting an examination of the primary impacts 
of each factor, thus increasing the efficiency of the 
experiments. This considerably improves 
experimental efficiency, although it assumes 
minimal factor interactions [23,24]. To evaluate the 
significance of process parameters, the Taguchi 
method employs a statistical measure of 
performance called signal-to-noise. For this 

research, the noise factors or signals were: the 
stake material, mesh size, boundary conditions, and 
applied force speed. All these parameters remained 
constant throughout the simulation, which did not 
affect the results. Table 2 presents the design 
configuration, considering the control parameters 
identified in Fig. 1. 

It is essential to conduct a structural analysis of 
geometry, considering it as a beam cross-section. In 
this case, the control parameters listed in Tables 1 
and 2 were crucial. 

The purpose of this evaluation is to ensure that 
the cross-section can withstand the imposed loads 
while still meeting the requirements for strength, 
stiffness, and stability. This process employs various 
analytical methods and verifications based on the 
principles of structural mechanics and established 
design standards. 

 

 
Fig. 1. Schematic of geometric control parameters for 
stake optimization 

 
Fig. 2a) illustrates the traditional stake geometry 

used in the current assembly of side door interior 
panels before ultrasonic welding, while Fig. 2b) 
shows the resulting geometry after welding. 
Notably, the retention force analysis of this 
geometry measured 175 N. 
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Fig. 2. Traditional coupling geometry, a) pre-welding and 
b) post-welding 

 
 
 
 
 
 

3. RESULTS AND DISCUSSION  
 
Based on the information in Tables 1 and 2, the 

control parameters for creating distinct geometric 
configurations are established, with each dimension 
limited to a specific operational range. The height 
parameter ranges from a lower bound of 8.5 mm to 
an upper bound of 12.5 mm, while the length covers 
a broader range from 7.5 mm to 17.0 mm. 
Structural reinforcement is applied in a binary 
manner, using either zero or four rib elements. 
Component clearance is inversely related, with 
tolerance boundaries set at 0.5 mm and 0.1 mm. 

Table 2. L8 array for 4-factor experiments with 2 levels (maximum and minimum value shown in Table 1) 

Array 
number 

Height 
(mm) 

Length 
(mm) 

Interaction 
1 

Number of rib-
type 

reinforcements 

Interaction 
2 

Interaction 
3 

Gap between 
components 

(mm) 

1 8.5 L 7.5 L 1 L 0 L 1 L 1 L 0.1 L 

2 8.5 L 7.5 L 1 L 4 H  2 H 2 H 0.5 H 

3 8.5 L 17.0 H 2 H 0 L 1 L 2 H 0.5 H 

4 8.5 L 17.0 H 2 H 4 H 2 H 1 L 0.1 L 

5 12.5 H 7.5 L 2 H 0 L 1 L 1 L 0.5 H 

6 12.5 H 7.5 L 2 H 4 H 2 H 2 H 0.1 L 

7 12.5 H 17.0 H 1 L 0 L 1 L 2 H 0.1 L 

8 12.5 H 17.0 H 1 L 4 H 2 H 1 L 0.5 H 

*Where L ‐ denotes Low level and H ‐ indicates High level 

 
Fig. 3 presents a comparative analysis of the 

geometric configurations evaluated in the DoE. The 
study reveals that geometries 1 and 2 (Figs. 3a and 
3b) share the same base parameters – height of 8.5 
mm, length of 7.5 mm, and no reinforcements – but 
differ only in their component clearance 
specifications. 

In contrast, geometric 3 and 4 (Figs. 3c and 3d) 
show significant geometric differences due to an 
increased length of 17.0 mm and the addition of 
four structural ribs. This illustrates the extensive 
dimensional and topological variations achievable 
within the defined parameter space. In Figs. 3e and 
3f, the geometries differ from those in Figs. 3c and 
3d in that the height was increased from 8.5 mm to 
12.5 mm, while the stake length was reduced from 
17.0 mm to 7.5 mm. Additionally, in Figs. 3g and 3h, 
geometries were designed without rib 

reinforcements. These geometries maintained a 
height of 12.5 mm and a length of 17 mm, 
accounting for two levels of clearance between 
components: 0.1 mm and 0.5 mm. 

The structural analysis of each geometric 
configuration treated the stakes as cantilever 
beams, focusing particularly on their cross-sectional 
properties. Fig. 4 compares two of the analyzed 
geometries (previously shown in Fig. 3). Key 
dimensional characteristics include a uniform 
thickness and height of 1 mm for all ribs (Fig. 4a) and 
an identical thickness of 1 mm for the main stake 
body (Fig. 4b). These standardized dimensions 
allowed for a consistent comparative evaluation of 
mechanical performance under load. 
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Fig. 3. Stake designs defined by the parameters of the DoE based on the maximum and minimum values provided in 
Tables 1 and 2. These geometries are: a) geometry 1, b) geometry 2, c) geometry 3, d) geometry 4, e) geometry 5, f) 
geometry 6, g) geometry 7, and h) geometry 8 

 

 
Fig.4. Cross-section of the analyzed stakes as beams 

 



R. Martínez-Hinojosa, et al. / Advanced Engineering Letters Vol.4, No.2, 73-82 (2025) 

 78 

Fig. 5 shows a displacement curve obtained from 
a CAE simulation during the application of load on 
stake number 3. The plot displays the load capacity 
versus time during quasi-static testing. The 
maximum value on the Y-axis corresponds to the 
maximum supported load, a parameter used to 
determine structural limits and validate the 
performance compliance of each geometry. In this 
case, stake geometry number 3 demonstrates a 
maximum load capacity of 433.8 N. 

 

 
Fig. 5. Magnitude of the retention force for geometry 3 

 

Fig. 6 summarizes the retention performance 
across all tested stake geometries, with data 
derived from load-displacement curves. After 
comparing the different designs, it was found that 
the third configuration delivered the strongest 
retention, measuring 433.8 N, while the fourth 
design followed with 405.7 N.  

This improved performance appears to be 
related to the dimensions specified in Fig. 2: a 
vertical size of 8.5 mm, a length of 17 mm, and the 
addition of four reinforcing ribs, which contribute to 
its overall strength. 

 

 
Fig. 6. Summary of retention curve values for each 
geometry type 

The main distinction between them lies in the 
clearance between components—geometry 3 had a 
tighter fit at 0.1 mm, while geometry 4 used a 0.5 
mm gap. This difference appears to play a decisive 
role in enhancing the mechanical locking behavior.  
On the other hand, the following configurations 
demonstrated a gradual decrease in the retention 
force. For geometries 8 to 5, the measured values 
were 382.5 N, 361.6 N, 338.6 N, and 268.2 N, 
respectively. Meanwhile, geometries 1 and 2 
demonstrated the poorest retention capabilities, 
measuring just 160.1 N and 165.2 N, respectively. 
Clearly, the most effective geometries are found at 
the extremes of the dimensional ranges established 
by the DoE, indicating that maximum efficiency may 
be attained at the boundary limits of specific design 
parameters.  

The graph presented in Fig. 7 depicts the main 
effects analysis of the variables examined in the 
experimental design. It illustrates the relationship 
between the levels of each variable and the studied 
response, specifically the maximum load supported. 
The slopes of the lines indicate both the magnitude 
and direction of each variable’s effect: a steep slope 
signifies a significant impact, while a flatter line 
suggests a minor effect.  

Among the variables analyzed, stake length had 
the most substantial impact on improving retention 
force, as supported by the previous Figure, which 
shows geometries 3 and 4 with a length of 17 mm. 
Conversely, the lowest retention values were 
observed in stake geometries designed with a 
length of 7.5 mm for designs 1 and 2. 

 

 
Fig. 7. Main effects plot from the experimental design 

 
The following variable with the most significant 

influence, according to Fig. 3, corresponds to 
heights of 8.5 mm for the low level and 12.5 mm for 
the high level. The third variable with the least 
effect is the number of reinforcements.  
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Fig. 8 displays the optimized geometric design 
achieved through a multiparameter optimization 
process. This process evaluated dimensional 
constraints, reinforcement density, and component 
clearance to improve structural integrity and 
functional performance. 

In Fig. 8a, the final stake geometry incorporates 
critical dimensions of 10.0 mm in height, 1.0 mm in 
thickness, 15.5 mm in length, and 8.1 mm in width. 
The dimensions were selected according to the 
structural performance and the cost of the material. 
This design incorporates three support ribs with a 
thickness of 0.55 mm. These ribs contribute to an 
increase in the structure's stiffness and promote the 
distribution of internal stresses, reducing the 
probability of premature failure. To ensure the 
dimensional tolerances required during assembly, a 
clearance of 0.50 mm was defined between 
components, as depicted in Figs. 8b and 8c. 
Additionally, Fig. 8d provides a simulation picture of 
the ultrasonic welding process, which is crucial for 
analyzing joint integrity and potential detachment 
scenarios. 

 

 

Fig. 8. Proposed standardized geometry showing pre-
welding and post-welding configurations 

 

Fig. 9 shows the results of tests focused on 
retention force. These tests were conducted under 
quasi-static conditions that simulate slow, 
progressive loads, utilizing a controlled convergent 
mesh and plastic strain failure criteria. These tests 
were performed using a step-by-step process using 
engineering simulation tools (CAE).  

 

 
Fig. 9. Proposed geometry for standardization showing the sequence of CAE analysis 

 

The results indicate that the chosen geometry 
maintains consistent performance under the 
expected loads and meets the required physical and 
dimensional standards. Additionally, the design 
aligns with production limitations, making it 
suitable for confined spaces in car interiors where 
strength and durability are essential. 

Table 3 summarizes the findings from the 
simulation analysis, showing that the new 
geometry, considering the spatial constraints, 
achieves a retention force of 234.2 N. This value 
represents a 33.8% increase, and compared to the 
current geometry, which has a retention force of 
175 N, this is approximately 56% more than the 
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requirement of the INTSMT-40 internal standard 
(greater than 150 N). 

 
Table 3. Magnitude of the final proposal variables and 
their retention capacity 

Tested values 
Actual 

geometry 
Optimized 
geometry 

% of 
improvement 

Retention 
force (N) 

175 234.2 33.8% 

Required area 
(mm2) 

484 125.55 74% 

Required 
material 

volume (mm3) 

 
527.7515 

 
271.7323 

 
49% 

 
On the other hand, compared to the range of 

different stake geometries used in the automotive 
industry, shown in Fig. 6, the value is 46.01% minor 
and 46.28% major the maximum and minimum 
retention force, respectively furthermore, the new 
design results in a 74% reduction in the required 
manufacturing area and a 49% decrease in volume. 
 
4. CONCLUSION  

 
Based on the analysis and development 

conducted in this research, the following 
conclusions were reached: 
The optimization of the proposed geometries, 
guided by the design of experiments, resulted in 
eight design proposals that were analyzed to assess 
the retention force of each. The highest retention 
forces were recorded for geometries 3 and 4, 
yielding 433.8 N and 405.7 N, respectively. The only 
difference in comparing these two configurations 
was the gap between parts: geometry 3 
incorporated a clearance of 0.1 mm, whereas 
geometry 4 had a gap of 0.5 mm. All other design 
parameters were kept identical. The main effects 
analysis indicated that length had the most 
significant impact on increasing retention force in 
the geometries, followed by stake height and the 
number of rib-type reinforcements. This analysis 
helped identify the optimal dimensions for 
achieving the best geometry design: 10 mm in 
height, 1 mm in stake thickness, 15.5 mm in length, 
8.10 mm in width, 3 rib-type reinforcements, and a 
0.50 mm intercomponent gap. These dimensions 
are subject to the established constraints of 15.5 
mm in length, 9 mm in width, and 15 mm in height. 

The validation of the simulated retention force 
in the ultrasonically welded stake yielded a value of 
234.2 N, surpassing the current stake value used in 
the existing process. Furthermore, the new 

geometry enhanced the contact area and reduced 
the material volume required for manufacturing. 

This study demonstrates that optimizing 
retention geometries for ultrasonic welding is 
achievable using CAD and FEA tools. The proposed 
geometry significantly enhances retention force 
and impact resistance, meeting the requirements of 
the automotive industry. 
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