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a b s t r a c t 

The availability of automated production lines and production data has opened a new opportunity for 

improving the geometrical quality of assemblies by using a digital twin in the concept of a smart as- 

sembly line. In this concept, a digital twin is generated from scanned data of incoming parts for each 

assembly. The assembly process is then simulated for the digital twin using variation simulation tools. 

Subsequently, the optimal production parameters are found by utilizing optimization algorithms along 

with the simulations so that the geometrical qualities of assemblies are maximum. Two effective pro- 

duction parameters that can be optimized in this concept are the combination of parts and adjustments 

of locators. The techniques to implement optimize these parameters in the production are referred to as 

selective assembly and individualized locator adjustments, respectively. This paper evaluates the results 

of optimizing each parameter separately and both parameters together. To attain this goal, the results 

of applying the optimal parameters on three industrial cases are determined and compared. The results 

evidence that the potential of individualized locator adjustment in improving geometrical quality is con- 

siderably greater than selective assembly. 

© 2020 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. The proposed concept of Digital Twin for Geometry Assurance by 

Söderberg et al. (2017) . 
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. Introduction 

Geometrical variation in production is a major issue that can 

ause both functional and aesthetic problems ( Söderberg et al., 

017 ). Consequently, a large portion of production costs is be- 

ng spent to cope with reducing these variations and their conse- 

uences. New technologies and advances in automation and scan- 

ing of parts can be leveraged to mitigate this problem. Taking 

dvantage of this opening, Söderberg et al. (2017) have proposed 

ptimizing the production parameters of assemblies based on the 

canned data of mating parts to improve the geometrical quality of 

he assemblies. This concept is referred to as Smart Assembly 4.0, 

nd it is visualized in Fig. 1 . 

The deformed shape of produced parts can be obtained by tak- 

ng several pictures ( Bergström et al., 2018 ) or by utilizing 3D scan-

ing. Based on the concept of a smart assembly line, these data can 

e utilized in real-time to generate a digital twin for each assem- 

ly ( Aivaliotis et al., 2019 ). Thereafter, combinations of parts, ad- 

ustments of locators, sequences of welds ( Tabar et al., 2019 ), etc. 
∗ Corresponding author. 

E-mail address: aderiani@chalmers.se (A. Rezaei Aderiani). 
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an be optimized by simulating the production process of the dig- 

tal twin along with utilizing an optimization algorithm. 

Optimizing the combination of mating parts to maximize the 

eometrical quality of assemblies is known as the Selective Assem- 

ly technique in the literature. Utilizing this technique has been 

ommon in the production of precise assemblies including bear- 

ngs and engines since 1950th ( Mansor, 1961 ). The early meth- 

ds of performing selective assembly were based on dividing the 

ating parts into several groups based on their measured dimen- 

ions and matching the groups for assembly ( Chan and Linn, 1999; 

ansor, 1961 ). Nevertheless, the number of parts in the matching 
under the CC BY-NC-ND license 
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roups may not be equal. Consequently, some parts would be su- 

erfluous. This problem is referred to as mismatching and most 

f the studies in selective assembly aim to address it ( Fang and 

hang, 1995; Mansor, 1961; Xu et al., 2014 ). Selective assembly 

echniques are getting more attention in new production lines in- 

luding cyber factories and smart assembly lines. Aderiani et al. 

2019) have developed the application of this technique to sheet 

etal assemblies, where the deviation of dimensions in the as- 

embly does not have a linear relation with the deviations of mat- 

ng parts. In this method, the matching is performed for individual 

arts, instead of dividing the parts into groups and matching the 

roups. 

A rigid part has six degrees of freedom in space, including three 

ranslations in x, y and z and three rotations around these axes. 

ccordingly, to fixate the part for production processes, including 

ssembly process, these degrees of freedom should be locked by 

ocators. The arrangement of locators to fixating the parts is re- 

erred to as a locating scheme. If the part is flexible, additional lo- 

ators can be employed to resist external forces, including gravity. 

hese additional locators are usually referred to as supports. 

Locating schemes are commonly designed based on the nomi- 

al geometry of the parts. Nevertheless, the produced parts have 

ome deviations from their nominal geometries. Thus, the loca- 

ors can be adjusted to compensate for the deviations. This tech- 

ique is known as locator adjustments. Locator adjustments tech- 

ique is also referred to as Shimming ( Keller and Putz, 2016 ) and

rimming ( Lindkvist et al., 2005 ) when it is applied to a batch of

ssemblies. The studies regarding this technique mainly deal with 

nding the optimal amount of adjustments so that the geometrical 

ariation is minimal in the assembly. Lindkvist et al. (2005) de- 

eloped a toolbox to find these adjustments for production, based 

n the available data of the pre-production phase when proto- 

ypes are produced. Germer et al. (2014) have developed a meta- 

odel to predict the adjustments based on the data from previ- 

usly produced assemblies. Keller and Putz (2016) have proposed 

easuring the locator forces to determine the required adjust- 

ents. Aderiani et al. (2019) have proposed individualization of the 

djustments based on the scanned geometries of the mating parts 

sing a digital twin. In this method, the amount of adjustments 

or each assembly is determined by simulating the assembly pro- 

ess of its digital twin. Individualizing the locator adjustments in- 

reases the potential geometrical improvements by locator adjust- 

ents, three to four times. This is because each produced part has 

 different geometry. Therefore, it requires different adjustments of 

ocators which is provided by this method. 

.1. Scope of paper 

The new availabilities have opened the opportunity to mini- 

ize the geometrical variation of assemblies using two techniques 

f Selective Assembly (SA) and Individualized Locator Adjustments 

ILA). The previous studies evidence a substantial improvement in 

eometrical quality of assemblies when each of these techniques 

s employed separately. However, the possibility of accumulating 

hese improvements when both techniques are employed in an as- 

embly line is a knowledge gap in this context. Moreover, the po- 

ential of each technique in improving the geometrical quality has 

ot been studied compared to the other technique. Therefore, the 

rimary research question of this study is: What will be the results 

f these two techniques are implemented together in an assembly 

ine? The answer to this question is important because it will clar- 

fy whether implementing a technique along with the other tech- 

ique results in the same improvements as when it is applied sep- 

rately. The second research question is: Which technique can re- 

ult in a greater geometrical improvement compared to the other 
430 
echnique? The answers to these questions are essential for estab- 

ishing a smart assembly line in the industry. 

In order to address the gaps presented, different scenarios of 

pplying SA and ILA together and separately to three industrial 

ample cases are examined. Furthermore, the geometrical qualities 

f three batches of assemblies are assessed for ten random com- 

inations of parts in the presence and absence of ILA. This assess- 

ent can further clarify the effect of performing SA before ILA. 

Section 2 of this paper illustrates the utilized methods and 

ools in this study for applying SA and ILA and obtaining the re- 

ults. The results of the experiments are presented and discussed 

n Section 3 and the conclusions are drawn in Section 4 . 

. Method 

This section illustrates the utilized methods and tools for ob- 

aining the results. Since the goal of each technique is to improve 

he geometrical quality, definition and quantitative parameters to 

valuate the geometrical quality are introduced in Section 2.1 . 

hereafter, Section 2.2 reviews variation simulation as a tool in 

redicting the geometrical quality of assemblies. Hence, the meth- 

ds of applying SA and ILA are presented in Sections 2.3 and 2.4 ,

espectively. Afterward, Section 2.5 demonstrates the utilized sam- 

le cases for conducting the experiments. Finally, Section 2.6 de- 

cribes the designed scenarios and the utilized approach of com- 

aring them. 

.1. Geometrical quality 

Geometrical quality of products can be assessed based on the 

eviation of their geometry from their nominal geometry. Never- 

heless, the criteria for assessing geometrical quality of an indi- 

idual assembly differ from a batch of assemblies. For a single as- 

embly, deviation of dimensions from their nominal values can be 

ombined to a single criterion. This combination is commonly per- 

ormed by employing Root Mean Square (RMS) of the deviations. 

n this study, the geometry is divided into small elements and RMS 

f the deviation of these elements is considered as the criterion to 

valuate the improvements in geometrical quality. This criterion is 

resented by RMS dj and represents RMS of deviations of all nodes 

f the assembly j. Eq. (1) presents the formulation of this criterion. 

n this equation, d i j represents the magnitude of deviation of node 

 in assembly j and n indicates the number of all nodes. 

MS dj = 

√ 

1 

n 

n ∑ 

i =1 

(d i j ) 2 (1) 

To evaluate the geometrical quality of a batch of assemblies, 

ariation and mean deviations are employed. The mean deviation 

f a node is the average deviation of it among all assemblies of the 

atch. Geometrical variation is considered as six times the stan- 

ard deviation. Eq. (2) presents the formulation of this parameter. 

n this equation, d i represents the deviation of each node and d̄ i 
ndicates the mean deviation in node j of the assembly. The vari- 

ble N is the number of assemblies in the batch which is referred 

o as the batch size. 

 s i = 6 

√ √ √ √ 

1 

N − 1 

N ∑ 

j=1 

(d i j − d̄ i ) 2 (2) 

The RMS of variation and mean deviation of all nodes of the as- 

emblies are considered as criteria for evaluating geometrical qual- 

ty of a batch of assemblies. The former is presented by RMS v and 

he latter is indicated by RMS m 

. 
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Fig. 2. Generating a digital twin from the scanned data of each produced part. 
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Fig. 3. Sample case 1. 

Fig. 4. Sample case 2. 

a

u

l

u

o

o

R

2

t

v

l

p

t

c

r

a

t

A

g

t

t

R

2

a

T

t

t

a

.2. Digital twin 

Variation is inevitable in producing the mating parts of the as- 

emblies. Therefore, each produced part has a unique shape that 

equires unique production properties including locator adjust- 

ents and combinations of parts. Accordingly, the assembly pro- 

ess should be simulated for each individual assembly to deter- 

ine the optimal production parameters for that assembly. Hav- 

ng the scanned data of all incoming parts, a variation simulation 

odel of each assembly can be generated, which is referred to as 

he digital twin of that assembly. This procedure is visualized in 

ig. 2 . 

Variation simulations aim at predicting the variation of a prod- 

ct by considering different sources of variations including part 

ariations and fixture variations. These inputs can be generated us- 

ng Monte Carlo simulations or scanned data of the produced parts. 

The assembly process, particularly spot welded sheet metal as- 

emblies, can also be simulated using variation simulations. To at- 

ain this goal, Finite Element (FE) simulations can be utilized to de- 

ermine the deviations of the product after the assembly process. 

oreover, utilizing the Method of Influence Coefficient (MIC) re- 

ults in less calculation cost for obtaining the same results ( Liu and 

u, 1997 ). Considering contact elements in variation simulations 

eads to obtaining more realistic results and improves the accuracy 

 Dahlström and Lindkvist, 2007 ). 

The aforementioned capabilities in variation simulation of as- 

embly process are gathered in a Robust Design and Tolerancing 

RD&T) program with the capability of conducting variation simu- 

ations for both rigid and non-rigid parts and considering contact 

odeling in the simulation which is utilized in this study. 

To simulate the assembly process, FE model of the assembly is 

enerated from the CAD parts of the nominal geometries. There- 

fter, for each individual assembly, a deviation is allocated to each 

ode of the model based on the scanned data of the produced 

arts. Accordingly, the geometrical outcome of each individual as- 

embly can be determined by simulating the process for its dig- 

tal twin that is the simulation variation model generated from 

canned data. 

.3. Selective assembly 

There is a variety of methods for performing selective assembly 

echnique. Nevertheless, most of these methods are limited to rigid 

ssemblies where the relation between dimensional deviations of 

he assembly and mating parts are linear. Since the method pre- 

ented by Aderiani et al. (2019) does not have this limitation and 

t is applicable to sheet metal assemblies, this method is utilized 

n this research. 

In this method, a multi-objective optimization problem with 

wo objectives of RMS v and RMS m 

is presented and solved. To 
431 
ttain this goal, firstly the deviations of assemblies are obtained 

sing variation simulation tools. Thereafter, a mixed-integer non- 

inear programming optimization problem is generated and solved 

sing the GAMS program for these types of problems. The multi- 

bjective optimization problem is converted to a single objective 

ptimization by considering the summation of both RMS v and 

MS m 

as the objective of the optimization. 

.4. Individualized locator adjustments 

In order to adjust the locators of assemblies individually, an op- 

imization problem of finding optimal adjustments for each indi- 

idual assembly should be solved. However, in contrast to the se- 

ective assembly problem, the objective of the optimization is im- 

roving the geometrical quality of each individual assembly, not 

he entire batch together. Accordingly, RMS d of each assembly is 

onsidered as the objective of each optimization. The generated 

esidual stresses and maximum stress during the assembly process 

re also determined and limited by adding two penalty functions 

o the objective function. 

This optimization problem is solved using a real-coded Genetic 

lgorithm (GA) ( Eshelman and Schaffer, 1993 ). The optimization al- 

orithm is developed in MATLAB and an interactive connection be- 

ween MATLAB and RD&T is generated. For each function evalua- 

ion, MATLAB gives RD&T a set of locator adjustments as input and 

D&T calculates RMS d and stresses for the provided adjustments. 

.5. Sample cases 

Different scenarios of applying the two techniques are evalu- 

ted by conducting experiments on three industrial sample cases. 

hese cases are sheet metal assemblies from the automotive indus- 

ry. The cases are modeled in RD&T program by considering con- 

act elements between different components, the locating schemes, 

nd spot welds. Figs. 3 , 4 and 5 illustrate the generated model for 
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Fig. 5. Sample case 3. 
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Table 1 

RMS v and RMS m before and after applying different scenarios. 

Case Criteria Without 

improvements 

Different scenarios 

1 2 3 1 [%] 2 [%] 3 [%] 

1 RMS v 1.68 0.85 0.29 0.3 49 83 83 

RMS m 0.39 0.24 0.08 0.08 38 77 77 

2 RMS v 1.07 0.78 0.57 0.50 27 46 53 

RMS m 0.30 0.25 0.17 0.16 18 43 46 

3 RMS v 1.12 0.76 0.47 0.44 32 58 61 

RMS m 0.26 0.21 0.12 0.11 19 53 57 
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he first, second and third sample cases, respectively. These figures 

llustrate the models with the utilized locating schemes for weld- 

ng. 

To simulate a smart assembly line, 25 deformed parts for 

ach component of every sample case is generated based on the 

canned data of produced parts. Accordingly, 25 assemblies should 

e generated for each sample case. The assembly process of pro- 

ucing these assemblies are simulated by following different sce- 

arios of applying the techniques presented. 

.6. Comparisons approach 

To compare the acquired improvements from each technique 

nd combination of them, three different scenarios of improve- 

ents are designed and experimented. Fig. 6 visualizes the 

owchart of each scenario. The first scenario is to apply only SA 

nd the second scenario is to apply only ILA. The third scenario 

s then to examine the combination of these two techniques to- 

ether. The selected mating parts for each assembly influences the 

ptimal adjustments of locators. Consequently, the adjustments of 

ocators that are optimal on a combination of parts are not optimal 

or other combinations. As a result, SA should be applied before 

etermining the optimal adjustments of locators. In other words, 

o combine the two techniques in a smart assembly line, the op- 

imal adjustment of locators cannot be determined before deter- 

ining the optimal combination of the mating parts. Accordingly, 

he third scenario is to find the optimal combination of the mating 

arts firstly. Thereafter, finding the optimal adjustments of locators 

or individual assemblies resulting from the optimal combination. 

To calculate the resulting improvements from each scenario, the 

eometrical quality of the batches when none of the improvement 

echniques is applied should also be available. Therefore, the av- 

rage RMS v and RMS m 

of 10 0 0 assemblies with random combina- 

ions of parts are also provided and the improvements are calcu- 

ated based on them. 

Conducting SA means assembling the parts with the combi- 

ation that results in maximum geometrical quality. Accordingly, 

he assumption is that geometrical quality of assemblies is depen- 

ent on the combination of mating parts. This assumption is valid 

hen ILA is not applied. However, the validity of this assumption 

an be questioned for assemblies that are produced by employing 

LA. Therefore, to clarify the dependency of the geometrical quality 

hen ILA is employed, RMS v and RMS m 

of a batch of assemblies 

s determined for ten random combinations of the mating parts. 

hereafter, these parameters are obtained again after applying ILA 

or the same combination of parts and compared with their previ- 

us amounts. 

. Results and discussions 

The three different scenarios are applied to the three sample 

ases and the results are determined. Table 1 lists the obtained re- 

ults from these scenarios and the average results of random com- 
432 
inations. The results of applying different scenarios are presented 

y both the value and the percentage of improvement for each cri- 

erion. 

The obtained results for the first sample case demonstrate con- 

iderably larger improvements for the second scenario (applying 

nly ILA) than the first scenario (applying only SA). Moreover, the 

ame improvement is achieved for the second and third scenarios. 

he results for the second and third sample cases evidence im- 

rovements of roughly two times larger for ILA compared to SA 

n both RMS v and RMS m 

. In these sample cases, combining SA and 

LA results in improvements of maximum 4% larger than improve- 

ents of ILA alone. Based on the obtained results of Table 1 per- 

orming selective assembly before ILA has a very low impact on 

he resulting improvements from ILA. 

To clarify this issue further, the effects of part combinations on 

he potential improvements from ILA are investigated. This inves- 

igation is conducted by comparing RMS v and RMS m 

of 10 random 

ombinations of parts for the sample cases with a batch size of 10. 

ig. 7 visualizes fluctuations of RMS v before and after applying ILA 

or different combinations. Fig. 8 demonstrates the same results for 

MS m 

. 

The dependency of RMS v and RMS m 

on the combination of the 

ating parts reduces considerably when ILA is utilized in produc- 

ion. The ranges of fluctuations of RMS v are 1.45, 0.37, and 0.25 for 

he first, second and third sample cases, respectively, before apply- 

ng ILA. These ranges reduce to 0.25, 0.06, and 0.035, respectively, 

fter applying ILA. The same reductions are evident in RMS m 

. The 

esults evidence that the effects of applying SA will be reduced 

ubstantially when it is employed along ILA. The reason for this 

eduction is the lower dependency of RMS v and RMS m 

on the com- 

ination of parts when ILA is applied. 

The Spearman Rank Correlation coefficients between geometri- 

al qualities before and after ILA are obtained for all cases. These 

oefficients are 0.67, 0.75, and 0.8 between RMS v for the first, sec- 

nd and third sample cases, respectively. The coefficient values be- 

ween RMS m 

of different combinations before and after applying 

re 0.45, 0.39 and 0.67, for the first, second and third sample cases, 

espectively. These correlation coefficients indicate that the combi- 

ation of parts that results in the lowest geometrical variation be- 

ore applying ILA is the combination that results in the lowest ge- 

metrical variation after applying ILA with a high probability. Nev- 

rtheless, the combination of parts that results in a lower RMS m 

ithout ILA may not be the same as the combination of parts that 

esults in lower RMS m 

when ILA is conducted. 

.1. Future work 

Another important factor in the achievable improvements by 

LA is the fixture layout of the assembly. The effects of this factor 

ill be investigated in future studies. Moreover, another important 

esearch question for future work is whether it is better to have a 

ensitive fixture layout to be able to control the quality by ILA or 

t is better to have a fixture layout that is not sensitive. 
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Fig. 6. Three different scenarios of applying SA and ILA using a digital twin in a smart assembly line. 

Fig. 7. Fluctuation of RMS v for different combination of parts before and after ap- 

plying individualized locator adjustments. 

Fig. 8. Fluctuation of RMS m for different combination of parts before and after ap- 

plying individualized locator adjustments. 
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. Conclusion 

This paper investigated the possibility of accumulating geomet- 

ical improvements from selective assembly and individualized lo- 

ator adjustments techniques in a smart assembly line for compli- 

nt sheet metal assemblies. Besides, the potential of these tech- 
433 
iques in improving the geometrical quality was compared against 

ach other. Three different scenarios of applying these techniques 

ere tested on three industrial sample cases and the results were 

valuated. In two scenarios, selective assembly and individualized 

ocator adjustments were applied separately and in one scenario 

elective assembly was employed along with individualized locator 

djustments. The obtained improvements in the geometrical qual- 

ty were compared to each other and a scenario when a random 

ombination of parts without any adjustments is applied. The fol- 

owing conclusions can be drawn from the obtained results. 

• The resulting geometrical quality improvement from individual- 

ized locator adjustments is substantially greater than selective 

assembly when only one of these techniques is employed. 

• Performing both of these techniques does not result in a great 

change from applying only individualized locator adjustments. 

• The dependency of geometrical quality on the combination of 

mating parts reduces considerably when individualized locator 

adjustments are utilized. 

• The combination of mating parts that results in a minimal geo- 

metrical quality is almost the same when individualized locator 

adjustment is applied compared to when it is not applied. 
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