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Abstract: The slug rivet installation process is complex. A lot of parameters are included during the
riveting deformation process. The workload and time cost of a traditional simulation study is very
high since a traditional numerical model should be modified manually time by time when riveting
parameters change. The data processing after simulation is another complex work. To improve
the situation, this paper presents a parameterized modeling method. The modeling process and
data processing algorithm can be developed using Python script. The parameterized model can
automatically and continuously re-build without any manual intervention according to the riveting
parameter auto-update condition. The post-processing analysis can be automatically conducted
and saved as well. Then this paper conducts continuous analysis to illustrate the impact of riveting
parameters on riveting quality. The parameterized model keeps running 41 times until the riveting
parameter is out of range. The parameterized modeling method is a useful method for a simulation
study. The study will pave the way for further investigations.

Keywords: mechanical joining; numerical modeling; slug rivet; parameterized model

1. Introduction

Long fatigue life design of aircraft requires an increasing improvement of rivet assembly
quality. Slug rivet interference-fit riveting is one of the advanced connection technologies,
which can evolve the assembly quality to a higher level with the requirement of long fatigue
life, good sealing performance and high corrosion resistance. The slug rivet interference-fit
riveting technology has been widely used in the field of wing sheet assembly systems [1–4].
Statistics show that the slug rivet accounts for more than 80% of the riveting work during the
wing sheet manufacturing process of the ARJ-21 regional jet [5].

Figure 1 illustrates the typical slug rivet connection structure widely used in wing
sheet assembly. Tables 1 and 2 list the related riveting parameters. The riveting parameters
can be divided into structure parameters and procedure parameters.
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Figure 1. The structural sketch of a riveted lap joint.
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Table 1. The main structure riveting parameter of a riveted lap joint.

Structure Parameter Structure Parameter

Countersunk hole diameter, E Countersunk hole depth, C
Rivet hole diameter Fillet radius, R1

Total thickness, T Fillet radius, R2
Sheet thickness Slug rivet diameter

Protrusion height, PU (protrusion height out of
the upper sheet) and PL (protrusion height out

of the lower sheet)
Slug rivet length

Table 2. The main procedure riveting parameter of a riveted lap joint.

Procedure Parameter Procedure Parameter

Squeezing force Symmetry of squeezing force
Clamping force Symmetry of clamping force

Synchronism of the riveting dies Countersunk hole structure

Slug rivet installation is a particularly sensitive case. Since there are numerous riveting
parameters associated with a riveting process. Incorrect selection of riveting parameters
could induce excessive residual stresses, initiate cracks and result in improper deforma-
tions [6]. Li [7], Song et al. [8] and Mu et al. [9,10] built the mapping relationship between
squeezing force and driven head geometry. Lei et al. [11,12], Reinhall [13] and Chang
et al. [14] provided a deeper understanding of the slug rivet installation process with the
impacts of different riveting parameters. Appropriate riveting parameter combination
can make more homogeneous interference distribution along the thickness direction. The
residual compressive stress around the rivet hole can significantly improve the fatigue
performance of a slug rivet assembly.

In earlier research, the internal relation between different rivet die structures and
riveting quality has been revealed [15]. Figure 2 presents the structure sketch of rivet dies
made of different structures. Table 3 lists the structure parameters of three different rivet
die types. The result indicates that a well-designed rivet die has a more positive effect on
arising the interference level around the rivet hole. The riveting quality can be effectively
improved. Moreover, Wang et al. [16] further proposed an integration method to optimize
riveting parameters. Five key process parameters were considered. At least 50 sets of
different parameter combinations were applied to search for a Pareto-optimal solution.
Their results indicate the optimized riveting parameter combination could effectively
improve the deformation homogeneity.
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Figure 2. The structural sketch of different types of rivet die.

Table 3. The parameter value range.

Rivet Die Type Parameter Value Range

Type 1 H ∈ [1, 2] mm, D ∈ [4.76, 5.56] mm, θ ∈ [30◦, 90◦]
Type 2 H ∈ [1, 2] mm, R ∈ [3.38, 6.36] mm
Type 3 θ ∈ [120◦, 170◦]
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Among the studies, the simulation of the slug rivet installation process mainly focuses
on the influence of riveting parameters. Little attention has been paid to the establishment
of a numerical model. Numerical simulation is an effective and important method to
demonstrate the significant impact of different factors on riveting quality. However, the nu-
merical studies of the rivet installation process require much work. A traditional numerical
model should be modified manually time after time when the riveting parameters change.
The manual modification process and the result data processing process after simulation
take a large amount of time and energy. Some elementary mistakes may even appear due
to the heavy workload.

To reduce the high workload, this paper proposes the parameterized modeling method.
The numerical model can be modified automatically according to the riveting parameter
auto-update. The data obtained from simulation results can be automatically conducted as
well. Then the numerical study can be consistently and automatically conducted within
some range of riveting parameters. The parameterized modeling method can save a
huge mass of modeling time and workload. The result of this paper is very useful to
effectively improve the automation degree of slug rivet assembly simulation and data
processing process.

2. Materials and Methods
2.1. Baseline Model Establishment

A three-dimensional symmetry finite element model was used to simulate the slug
rivet installation process. The FE model consists of an NAS1321AD6E10 slug rivet, upper
and lower riveting dies, upper and lower pressure feet and upper and lower sheets. The
materials of the slug rivet and sheets are 2117-T4 Al alloy and 2024-T3 Al alloy, respectively.

Figure 3 shows the mesh and boundary conditions of the FE model. The FE model
is generated using C3D8R reduced integration 8-node solid continuum elements. Three
deformable bodies, two sheets and a rivet are defined in the model. The riveting dies
and the pressure feet are defined as rigid bodies. The sheet surfaces on the far-end are
constrained in the X-Direction and Z-Direction. The top and bottom lines of the sheets on
the far-end are constrained in the Y-Direction. All freedom degrees of the riveting dies and
pressure feet are constrained, except the Y-Direction.
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Figure 3. The FE model with mesh and boundary conditions.

Different mesh sizes are applied for different parts. The mesh size of a rivet is 0.15 mm.
The mesh size of a sheet is 0.2 mm for the area in the vicinity of the rivet and 1.2 mm for the
region far from the rivet hole. The workstation (Round Rock, TX, USA) used in simulation
contains a CPU Core I7, Memory 8G, Win 7 operation system. The simulation cycle takes
about 2 h each time.

The FE model can simulate the riveting process well. Details of the FE model and its
validation process can be found in the earlier study [11].
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2.2. Parameterized Model Establishment

The FE model is generated using ABAQUS 6.14. The ABAQUS kernel can be con-
trolled by the Python script. With the Python script, the finite element software can
automatically realize the pre-processing modeling and the post-processing analysis with
simulation results.

The parameterized modeling process can be divided into several stages. Figure 4
illustrates the parameterized modeling process. Stage 1: the secondary development of
ABAQUS can be conducted based on Python script development. Stage 2: the parame-
terized modeling process can be divided into three parts. Firstly, write the main function.
Secondly, design analysis steps. Thirdly, develop different function modules. Stage 3: start
ABAQUS and invoke script interface.
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Figure 4. The parameterized modeling process.

In Stage 1, the difficulty of ABAQUS Python script development can be greatly
reduced with the help of macro files. Since the macro file in ABAQUS contains a lot of
script commands. Figure 5 shows the improved parameterized modeling process. At the
beginning of the continuous simulation, the numerical model needs to be built manually
once. Record the manual modeling process using a macro file. Then, the interrelationship
between ABAQUS operation, script file creation and numerical model establishment can
be built. Finally, translate the recorded macro file into a Python script file.
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Based on the translated Python script, the parameterized model can be automatically
rebuilt time by time. Each time the riveting parameter combination can auto-update within
a certain range.

In Stage 2, Figure 6 illustrates the parameterized model structure. All parts can be
combined together by the main function. In Stage 3, the ABAQUS is started by calling the
main function.
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The analysis steps development can be divided into three steps. The pre-processing
step gradually invokes different modeling modules to build the parameterized model. In
function modular development, modular programming technology can effectively reduce
the difficulty of model incessantly rebuilding and modeling program development. The
modules are developed using a Python script translated from macro files. All these modules
can be independent of each other. Each module can perform its specific function. Then, the
simulation step submits analysis calculations. Finally, the post-processing step conducts
data analysis based on simulation outputs.

In the post-processing step, the simulation results will auto-analyze and auto-save
using an Excel file. Figure 7 shows the data format saved in Excel files. The “analysis
start time” is recorded in Line 1. The “riveting parameter combination used in current
study” is recorded in the lines from Line 2 to Line 5. The data recorded in the green
box are the element node number and its corresponding radial expansion. The element
nodes are located at the hole wall along the thickness direction. These element nodes are
set in the pre-processing step to measure the radial expansion. As a required result, the
radial expansion will be translated into interference value in the post-processing step. The
data recorded in the blue box are statistically average interference values, of which Line
75 records the total average interference value.
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Figure 8 illustrates the continuous analysis process after parameterized model estab-
lishment. The simulation is iterated within a certain range of riveting parameters. The
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numerical model automatically re-builds time by time. The riveting parameters auto-
update in each loop iteration. The simulation could finish when the riveting parameters
are out of range.
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Figure 8. The continuous analysis process.

The benefits of using modular programming technology to build a parameterized
model are obvious. The automation degrees of model establishment and data processing
process will be increased. The code’s readability, maintainability and programming effi-
ciency will be increased as well. The parameterized model has strong generality. The input
and output parameters can be controlled. The independent module in the parameterized
model can be applied to other similar projects.

It is convenient to apply the parameterized model to the cases that need a batch
program, such as parameter analysis and optimization analysis. The repeated re-model
work can be avoided. The workload and time cost among simulations and analyses will be
greatly reduced.

3. Results

Figure 1 illustrates the rivet structure. The countersunk hole at the upper sheet will
lead to inhomogeneous interference distribution along the thickness direction. The radial
expansion within the countersunk hole would be lower than other parts. The resulting
residual stress state surrounding the countersunk hole will be worse. Fatigue crack may
firstly emerge in the vicinity of the countersunk hole.

The riveting parameter, protruding height (PU as shown in Figure 1), can make
interference distribution more homogeneous along the thickness direction. Since the
material flow of a slug rivet can not only fill the countersunk hole but also press the hole
wall during the riveting deformation process. The inhomogeneous scale of interference
distribution can be improved with the effect of excess material flow.
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With the parameterized model, the internal relation between protruding height and
interference distribution homogeneity can be easily revealed. The optimal protruding
height can be found to improve the riveting quality.

3.1. Parameter Analysis

For the baseline model, the protruding height PU is usually equal to 4.94 mm, and the
rivet length and sheet thickness are 15.88 and 6 mm separately. According to the process
manual, the variation range of protruding height is [3.94, 5.94] mm [17]. Then, for the
parameterized model, the value range of PU is [3.94, 5.94] mm (PU + PL = 9.88 mm). The
PU increment step is 0.05 mm.

Totally, 41 groups of simulation will be conducted. Figure 9 illustrates the average
interference value obtained from the cases of different protruding height PU. The total
average interference value exists between the average data obtained from the upper and
lower sheets.
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Obviously, because of the countersunk hole, the average interference value of the
upper sheet is smaller than the value gained from the lower sheet. The difference of
average interference value between the upper and lower sheets is distinct. However, the
gap gradually becomes smaller with the increase of protruding height PU. The difference
that existed between the upper and lower sheets achieves an almost perfect state when the
protruding height PU is close to 5.94 mm.

To better evaluate the homogeneousness of the interference distribution condition, the
linear fitting of the interference distribution along the thickness direction is deduced using
the least square method. The slope of the fitted regression line obtained from the least
square method is considered as the evaluation criterion, as expressed in Equation (1) [18,19].
The smaller the value yslope is, the more inhomogeneous interference distribution condition
will be.

yslope = |k| (1)

where k is the slope of the fitted regression line obtained from the least square method.
Figure 10 presents the interference distribution conditions. The vertical axis represents

the value obtained from Equation (1). Clearly, the interference value gradually achieves
a more homogeneous distribution when the protruding height PU is getting larger. The
phenomenon is shown in Figure 9.
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Figure 10. The interference distribution conditions.

Figure 11 further compares the homogeneousness of different interference distribu-
tions. When the protruding height PU is small, such as PU = 3.94 mm, the interference
distribution curve is pretty uneven. The slope of the fitted regression line is great. As
a result, the included angle between the fitted regression line and x-axis (the thickness
direction) is larger as well. When the protruding height PU is large, such as PU = 5.94 mm,
the interference curve achieves an approximately symmetric distribution. It seems that the
fitted regression line almost parallels the x-axis. The slope of the fitted regression line is
very small. Moreover, the influence of protruding height on the interference level mainly
acts on the upper sheet since the countersunk hole exists on the upper sheet.
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Figure 11. The homogeneousness of different interference distribution conditions.

Parameter analysis indicated that the adjustment of protruding height is an important
and influential method to improve the interference value and its corresponding distribution
condition. In the actual slug rivet installation process, the protruding height at the upper
side should be larger than the value at the lower side (PU > PL).

Moreover, without the help of a parameterized model, the numerical model establish-
ment and data analysis should be manually conducted 41 times. The workload and time
cost are very high. On the contrary, with a parameterized model, the numerical model can
automatically re-build and the data analysis can be automatically conducted. Each time the
protruding height PU auto-updates within the range of [3.94, 5.94] mm. Each simulation
takes 2 h. Then the parameter analysis process keeps running for 82 h without any manual
intervention until the riveting parameter is out of range. Much workload and time cost
have been saved.
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3.2. Optimal Parameter Analysis

Interference level is considered as the main quality control criterion for riveted assem-
bly [17]. The interference value and distribution condition are two important indexes of
the interference level for the quality control criterion. In this section, continuous analysis
is conducted to find out the optimal protruding height PU within the range of [3.94, 5.94]
mm. The optimal value can not only make the interference value as large as possible but
also make the interference distribution as homogeneous as possible. Therefore, the object
function can be determined, as expressed in Equation (2).

f (PU) = min
1

yinter f erence(PU) + a
+ yslope(PU) · b (2)

where yinter f erence(PU) is the average interference value, yslope(PU) is the absolute value of
the slope, a and b are constant coefficients, PU is the protruding height, and f (PU) is the
target value.

In Equation (2), the constant coefficient a is used to avoid the special case that the
denominator is equal to zero, a = 0.1. Constant coefficient b is the weight coefficient, which is
used to determine the importance between interference value (yinter f erence) and interference
distribution condition (yslope. When b = 0, the continuous analysis only considers the
interference value. In contrast, when b = +∞, the continuous analysis only considers the
distribution condition. To a certain extent, the change of weight coefficient b will impact
the optimal result. Therefore, to make a better choice, the continuous analysis will generate
an optimum value range due to the variation of weight coefficient b.

Substitute the average interference value (as shown in Figure 9) and the absolute
value of slope (as shown in Figure 10) into Equation (2). Figures 12 and 13 display the
target value curves combined with different weight coefficient values. The vertical axis in
Figures 12 and 13 represent the value obtained from Equation (2).
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The slope of the target value curve becomes larger when the weight coefficient is
getting larger. However, the variation trends of the curves in Figures 12 and 13 are
approximately consistent with each other. The coefficients, such as coefficient a, the average
interference value and the absolute value of slope, are constant. The target value mainly
depends on the weight coefficient b.

Table 4 lists the optimum value of protruding height PU with the effects of differ-
ent weight coefficients. When the weight coefficient is small, the average interference
value plays a major role in the continuous analysis. The optimal protruding height PU is
5.74 mm. Meanwhile, the effect of an average interference value can be ignored when the
weight coefficient is large enough. The corresponding optimal protruding height PU is
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5.89 mm. Therefore, considering the combined effect of both average interference value
and interference distribution condition, the optimum value range is within [5.74, 5.89] mm.
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Table 4. The optimum value when the weight coefficient b is from 0.0001 to 10,000.

Weight Coefficient 0.0001 0.001 0.01 0.1 1 10 100 1000 10,000

Optimum value 5.74 5.74 5.74 5.74 5.79 5.89 5.89 5.89 5.89

The optimal parameter algorithm was developed in the post-processing step. With a
parameterized model, the continuous analysis can be automatically conducted. Finally, the
optimum value range will be outputted and saved in an Excel file.

3.3. Verification Experiment

To provide a valid study, the accuracy and validity of the baseline model should be
verified first. The experiments were conducted on the automatic drilling and riveting
machine developed by Zhejiang University. Figure 14a illustrates the components of the
equipment. Figure 14b presents the riveting operation process. Five rivets were installed.
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Figure 14. The automatic drilling and riveting machine and its experimental process. (a) The
automatic drill-rivet machine; (b) Drilling and riveting operation.

Interference level is considered as the main quality control criterion for riveted assem-
bly. Figure 15a shows the comparison of the interference level condition after the riveting
process. Figure 15b shows the measurement points in the specimen. The experimental data
were obtained by measuring the radial expansion of the slug rivet.
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Figure 15. Interference condition between experimental and simulation. (a) Interference comparison; (b) Interference
measurement point. The points D1 - D6 are the number of measurement points.

Because of the countersunk hole, the interference level at the upper sheet is smaller
than the lower sheet. Though there is a small gap between FE and experiment results.
The variation trends and the value of the two curves are approximately consistent with
each other. The difference may be caused by measurement error, material property error
and experimental error. The comparison between numerical results and experimental
measurements is satisfactory in terms of the interference condition.

More details of numerical model verification can be seen in Reference [11]. The
comparison proves that the baseline model can simulate the slug rivet installation process
reasonably and provide accurate numerical results.

To verify the accuracy and validity of parameter analysis and optimal parameter anal-
ysis, several experiments were conducted using different protruding height PU. Figure 16
displays the experiment process. The protruding height PU in the experiments was 3.94,
4.44, 4.94, 5.44, 5.74 and 5.94 mm, respectively. At least three rivets were installed in each
experiment. Figure 17 shows the specimen after riveting.
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Figure 16. The experiment process using different protruding heights. (a) The experiment device; (b) The experiment process.
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Figure 17. The specimen after riveting. (a) The upper side; (b) The lower side.

Interference level is considered as the main quality control criterion for riveted as-
sembly. Figure 18 shows the comparison of the interference condition after the riveting
process. The comparisons between the numerical results and experimental measurements
are satisfactory in terms of both interference value and its variation trend.
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Figure 18. The comparisons of interference condition. (a) Pu = 3.94 mm; (b) Pu = 4.44 mm; (c) Pu = 4.94 mm; (d) Pu = 5.44
mm; (e) Pu = 5.74 mm; (f) Pu=5.94 mm.

The comparisons of interference value and its variation trend demonstrate that the
parameterized model can simulate the slug rivet upset process reasonably and provide
accurate numerical results.

4. Conclusions

This paper presents a parameterized modeling method. The parameterized model
was built using Python script. Based on modular programming technology, the Python
script can be divided into different modules. Each module implements a specific function.
The degree of modeling automation in the pre-processing step and post-processing step
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can be significantly improved. To further reduce modeling difficulty, ABAQUS micro file is
used to develop the Python script. Micro files can be generated by recording the manual
modeling process. Therefore, for a certain numerical study, the baseline model only needs
to be manually built once. Then the parameterized model can automatically re-build and
simulate time by time without any manual intervention until the riveting parameter is out
of range. Each time the riveting parameter can auto-update within a certain range. The
simulation results can be automatically analyzed and saved as well.

With the parameterized model, the impact of protruding height on interference level
has been continuously and automatically analyzed. The range of protruding height is
[3.94, 5.94] mm. The PU increment step is 0.05 mm. Totally, 41 simulations are conducted.
The continuous simulation process keeps running 82 h. With the optimal parameter
algorithm, the optimum value range of protruding height comes out simultaneously with
the parameter analysis results. The comparisons between simulations and experiments
prove the parameterized model’s ability. Much workload and time can be saved.

The study in this paper was fundamental research in the field of slug rivet connection.
Few studies have published investigations concentrated on the numerical modeling method.
The study improves knowledge about the modeling process and analysis method. The
next phase of the study is undergoing large-scale optimization analysis. More riveting
parameters can be taken into account. To further save analysis time, distributed computing
technology can be applied.
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