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Abstract— Geometrical variations are intrinsic to all industrial manufacturing and assembly processes. Within the aeronautical domain,

where there aremany structural components on its products and small geometrical distortions have a great impact on the aircraft performance,

the use of tools to estimate surface deviation plays a key role in de􀅮ining well succeedmanufacturing and assembly systems. Well-knownmeth-

ods to compute geometrical deviations nowadays consider statistical manufacturing process deviations and, in some cases, the 􀅮lexibility of the

assembly to estimate the 􀅮inal product surface distortion. Thework presented herein describes amethod thatmatches the deviations caused by

themanufacturing processwith deviations caused by the riveting process that is widely used in the aeronautical industry. The designedmethod

was tested in an aeronautical commonly joint and showed that the riveting process plays an important role in amplifying surface errors. The

􀅮inding underlines the importance of considering the riveting process effects on analyzing the geometrical variations for aeronautical product

surfaces.
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I. INTRODUCTION

Geometry assurance is often referred to as the work aiming to reduce the

geometrical variation and its effects on the 􀅫inal product function [1]. This

knowledge area is particularly important in the aeronautical industry once

the 􀅫light performance of the manufactured aircraft is directly linked with

the geometrical quality of the assembled product. The high number of

parts and the low values for position requirements in the aeronautical in-

dustry make the design and assembly process challenging.

To contextualize the challenge, Table I presents typical characteristics

of the automotive (one of the most developed transport industries) and

aeronautical industries in terms of dimensional requirements.

TABLE I

AUTOMOTIVE AND AERONAUTICAL INDUSTRIES DIMENSIONAL REQUIREMENTS

[2]

Automotive Industry Aeronautical Industry

Typical position requirement +/- 1.2 [mm] +/- 0.1 [mm]

Product average lifespan 10 years 40 years

Average year production 100000 units 600 units

The 􀅫inal product variation ismainly a result of variation in the assem-

bly process and part variation stemming frompreviousmanufacturing and

handling processes. Thus, from the geometrical assurance point of view, a

successfully designed product can have a low sensibility to the parts varia-

tion. A productwith great sensibility to parts variation can result in expen-

sive and time-consuming trimming activities to ful􀅫ill assembly, functional,

and esthetical requirements.

A product's key characteristic that uses a robust design concept is the

insensitivity to part variation [3, 4]. The main concept of robust design

and quality improvement was introduced by Taguchi [5], who divided the

factors affecting a design concept into control factors and noise factors.

Thus, the transfer function relating the control factor (inputs) to outputs

determines whether variation can be ampli􀅫ied (sensitive concept) or sup-

pressed (robust design concept), Fig. 1.

 

Fig. 1. Sensitive and Robust Design Concepts [3]
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Motivated by the challenge of developing a product design strategy

that can provide geometrical robustness for the 􀅫inal product, this work

presents an approach that considers for the 􀅫inal product distortion, ac-

counting not only the manufacturing process variation but also the devia-

tion caused by the assembly process which in the case of the aeronautical

industry is mainly characterized by the riveting process.

Thus, a Monte Carlo approach is used to estimate the statistical ge-

ometrical distortion of a typical aeronautical assembly, and then riveting

process distortion effects are implemented in the statistical results.

A. Assembly Variation Simulation

Manufacturing processes are affected by variation. Therefore, no 􀅫inal

product looks the same from time to time, and in some cases, functional

or esthetical requirements are not ful􀅫illed. Completely avoiding variation

is dif􀅫icult, if even possible, and extremely expensive. Even thoughmodern

manufacturing processes achieve steadily increasing accuracy, it is widely

acknowledged that geometrical deviations can be observed on every phys-

ical artifact [6]. But there are methods and tools to reduce the amount of

variation and the effect of the variation [7]. Thus, there is a strong need for

companies to manage these geometrical deviations throughout the whole

product life-cycle [3]. Thus, geometry assurance activities can be found in

all the different phases of the product realization loop, Fig. 2.

 

Fig. 2. Geometry assurance activities [3]

Intending to predict the geometrical outcome of an assembled prod-

uct or sub-assembly as early as possible during the product development

emerges the idea of establishing an approach that allows the geometrical

variation simulation. Therefore, quantifying themagnitudeof the variation

of the nominal values is an important key characteristic. The inputs to a

variation simulation consist of digital models of the parts to be assembled,

and their tolerances (information aboutwhat variation can be expected for

an individual part) are necessary. If any other factors in􀅫luence the result,

those should also be included [7].

De􀅫ining a good accuracy variation simulation procedure can allow

the replacement of some tests on physical prototypes, shortening the lead

times and reducing the risk of misjudgments.

For variation simulation, there are two main approaches to statistical

tolerance analysis: Monte Carlo (MC) simulation-based approach, a deter-

ministic method that is often based on Taylor's series expansion [8] and

[3], and the MC simulation-based using Direct Monte Carlo (DMC) simula-

tion by linearization. For a DMC-based variation simulation, distributions

for all input parameters are de􀅫ined. In eachDMC iteration, values of the in-

put parameters are randomly sampled from the de􀅫ined distributions. The

main idea of MC is to 􀅫ind a linear relationship between part and assembly

deviations [3]

Different approaches for variation simulation are presented in the lit-

erature. Variation simulation considering non-rigid parts and assemblies

is described in [7] and [1]. Jareteg et al. [9] show variation simulation for

composites, and stress-based geometrical induced variation simulation in

composites is treated [10].

In this work, the geometrical variation of the studied assembly is per-

formed using Direct Monte Carlo approach.

B. Distortion Caused by the Riveting Process

Joint parts through the riveting process is the main manufacturing ap-

proach used to assemble aeronautical parts. This process is commonly

used mostly for its reliability and robustness once this kind of joint ap-

proach is good for the joint's fatigue life.

Historically aeronautical manufacturers spend a great amount of time
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andmoney with rework on skins and segments through the assembly pro-

cess once it is hard to preview the effect of induced deformation caused by

the riveting process [11].

The riveting process induces deformation in the system due to the in-

teraction of the rivet plastic deformation with the structural parts that are

being joined. Thus, the rivet expansion on the hole yields deformation. In

this sense, the problem emerges from the cumulative effect of each rivet

expansion that can cause signi􀅫icant geometrical changes in structural seg-

ments [12].

Mu et al. [13] show Equation 1 to calculate the diametral expansion

(∆) of the sheet holes during the con􀅫irmation process of a slug rivet, pre-

sented in Fig. 3.

 
Fig. 3. Algebraic formulation variables [13]
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Figueira [12] presents awork that brings an analytical approach to cal-

culating the expansion of the riveting line from each diametral expansion.

The analysis starts from the expression of squeezing force that came from

Equation 2 and Equation 3 whereKr is the rivet material strength coef􀅫i-

cient,nr is the rivet strain hardening exponent,D0 is the rivet driven-head

initial diameter, and D is the rivet driven-head 􀅫inal diameter.

Fsq =
π

4
D2Kr {ln (D/D0)}nr (2)

In addition, it is deduced from the volume conservation equation for

the rivet that the 􀅫inal rivet diameter inside the hole can be analytically cal-

culated by:

D2
0H0 = D2

1L1 = D2
2ttot +D2H (3)

And 􀅫inally:

D2 =

√
D2

0H0 −D2H

ttot
(4)

Equation 4 is particularly important once it makes it possible to calcu-

late the 􀅫inal diameter of the rivet inside the hole after the riveting process

from rivet driven-head geometries and packaged thickness.

Thus, the constructive equations are presented to 􀅫ind the 􀅫inal hole di-

ameter (D2) after the riveting process from the rivet material proprieties

(Kr, nr), sheet material proprieties (K,n), and the 􀅫inal diameter of the

rivet driven-head (D):
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Therefore, Equation 6 presents the riveting radial stress in the hole

edge:

σrr =
K
√
3

(
2
√
3
ln (D2/D1)

)n

(6)

II. MATERIALS ANDMETHODS

The proposed method presented herein is elaborated and developed fol-

lowing four main steps, Fig. 4:

 

Fig. 4. Bricks Production and Environmental Pollution Waste

A. 3D Geometry Speci􀅮ication

At this phase, a virtual specimen is presented, considering the geometrical

characteristics of a typical aircraft wing structure.

Therefore, the designed geometrical specimen should be represen-

tative enough of the aerostructures assembled on the shop 􀅫loor of the

aeronautical manufacturers' companies. Thus, taking as reference typical

structures used on wing assembly, Fig. 5, the study geometry is proposed

without the hyper-supportive structures, Fig. 6.

 

Fig. 5. Typical wing structures [14]

 

Fig. 6. 3D Geometry model structures

B. Monte Carlo Geometrical Variation Simulation

Considering the typical deviation of the aeronautical structural parts man-

ufacturingprocess, aDirectMonteCarlo (DMC) assembly simulation is per-

formed for 1000 units.

Thus, the analysis is conducted considering the interaction of the up-

per cover and the wing box on eight selected points: the skin corners (P1,

P3, P5, and P7) and the central point of each riveting line (P2, P4, P6, and

P8), Fig. 7.
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Fig. 7. Dimensional analysis points

C. Riveting Process Simulation

The stress on the hole edged after the riveting process is calculated from

the presented analytical model. The found value is used to feed the nu-

merical simulation, and the deformation caused by the riveting process is

obtained, Fig. 8 and Fig. 9.

 

Fig. 8. Riveting Process Simulation Steps

 

Fig. 9. Calculated Radial Stress Implemented on the Numerical Simulation

D. Final Distortion Computation

The distortion distribution curves obtained by the Direct Monte Carlo sim-

ulation are correctedwith the results obtained on the riveting process sim-

ulation step by adding the numerically calculated distortion to the distri-

bution curves means, Fig. 10.

 

Fig. 10. Final Distortion Computation

III. RESULTS

TABLE II

NORMAL CURVE DISTRIBUTION PARAMETERS RESULT FOR THE MONTE CARLO

SIMULATION

Point Mean Standard Deviation

P1 0,001 0,1628

P2 0,013 0,1649

P3 -0,004 0,1681

P4 0,004 0,1653

P5 -0,005 0,1674

P6 0,003 0,1539

P7 0,004 0,1694

P8 0,007 0,1638

Fig. 11. P1 to P4 Monte Carlo Simulation Results

Fig. 12. P5 To P6 Monte Carlo Simulation Results

Fig. 13. P1 to P8 Riveting Induced Deformation Results
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Fig. 14. P1 Final Deformation Results

Fig. 15. P2 Final Deformation Results

Fig. 16. P3 Final Deformation Results
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Fig. 17. P4 Final Deformation Results

Fig. 18. P5 Final Deformation Results

Fig. 19. P6 Final Deformation Results
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Fig. 20. P7 Final Deformation Results

Fig. 21. P8 Final Deformation Results

TABLE III

NORMAL CURVE DISTRIBUTION PARAMETERS RESULT FOR FINAL DEFORMATION

Point Mean Before Riveting Process [mm] Mean After Riveting Process[mm]] Standard Deviation

P1 0,001 0,010 0,1628

P2 0,013 0,1756 0,1649

P3 -0,004 0,0113 0,1681

P4 0,004 0,2458 0,1653

P5 -0,005 0,4679 0,1674

P6 0,003 -0,0997 0,1539

P7 0,004 0,0115 0,1694

P8 0,007 0,0467 0,1638

IV. DISCUSSION

Table II shows the mean value and the standard deviation for the assem-

bly of the skin and the wing box. Typically, the manufacturing processes

machining those parts are calibrated to have a mean value of 0 [mm] of

distortion, which is corroborated by the results presented in the second

column of the table.

The third column of Table II reveals the standard deviation of the as-

sembly on the eight analyzed points. The magnitudes of the presented de-

viations are close for all the eight analyzed points. This behavior is ex-

pected once all the eight analyzed points are subjected to the same me-

chanical interface and manufacturing process. Fig. 11 and 12 depict the

Monte Carlo simulation re-presenting the Table II results graphically.

Fig. 13 shows the deformation caused by the riveting process esti-

matedusing Equation 6 to calculate the radial stress and apply these values

to the hole edges in the numerical simulation.

The region of the points P1, P7, and P8 presented a low magnitude of

deformation, which is expected for the wing root region given its greater

rigidity. However, analyzing the behavior of the points P2, P3, P4, P5, and

P6, a deformation magnitude of tenths of millimeters is observed.

In the aeronautical industry,MonteCarlo simulation is commonlyused

to estimate the range distortion expected for an assembly. Nevertheless,

those simulations of thedistortion causedby the rivetingprocess are rarely

considered.

The presented results showed that the magnitude of the distortion

caused by the riveting process could be greater than the ones caused by

the manufacturing process variability.
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Fig. 14 to Fig. 21 presented the distortion curve translation caused

by the addition of the magnitude of the simulated deviation caused by the

riveting process and added to the mean of the distortion curve.

In an industry with tenths of millimeters as typical surface tolerance,

a product out of the speci􀅫ications may imply non-delivery of estimated

project requirements affecting product functionality.

Thus, the riveting process distortion simulation can avoid signi􀅫i-

cant rework on the shop 􀅫loor of the factory and reduce assembly costs

once nonconformities can be better predicted before the assembly process

starts.

Finally, Table III summarizes the results of the combinate strategy of

Monte Carlo and riveting process simulation, highlighting the differences

in the means of the resultant distributions.

V. CONCLUSION

Thiswork aimed to use a simulation approach to estimate the absolute sur-

face deviation of an aeronautical product considering the distortion caused

by the variation of themanufacturing process and the distortion caused by

the riveting process. Based on the obtained results, the following can be

stated:

1. For some points of the assembly (points P2, P4, and P5), the rivet-

ing process can contribute to biggermean distortionsmagnitudes than the

ones caused by the assembly process;

2. For other points (points P1, P3, P6, P7, and P8), the riveting process

can be responsible for increasing the number of assemblies on the tail of

the distribution curve with non-conformances.

To continue the presented work, the following is suggested:

1. Implementation of non-rigid characteristics to the parts of the sim-

ulation. This can improve the accuracy of the distortion estimation;

2. Consideration of temperature distortion effects. For big structures

such as wings and fuselages, the differences in temperature in several re-

gions of the structure can induce signi􀅫icant surface deformation;

3. Determination of the gravity deformation effects. The gravity can

accommodate the structure so that the geometrical distortion can be in-

creased.
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[3] R. Söderberg, L. Lindkvist, K. Wärme􀅫jord, and J. S. Carlson, ``Virtual

geometry assurance process and toolbox,'' Procedia Cirp, vol. 43, pp.

3-12, 2016. doi: https://doi.org/10.1016/j.procir.2016.02.043

[4] S. M. M. Kahaki, W. Ismail, M. J. Nordin, N. S. Ahmad, and M. Ah-

mad, ``Automated age estimation based on geometric mean projec-

tion transform using orthopantomographs,'' Journal of Advances in

Technology and Engineering Studies, vol. 3, no. 1, pp. 6-10, 2017. doi:

https://doi.org/10.20474/jater-3.1.2

[5] G. Taguchi, Introduction to quality engineering: Designing quality into

products and processes. New York, NY: White Plains, 1986.
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