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ABSTRACT
In Computer Aided Tolerancing (CAT) the goal is to virtually predict
the variation in critical measures for a product. In order to succeed
with that, the simulation model needs to be as accurate as possi-
ble, the positioning of the included parts needs to mimic the reality
of assembly in production and all the tolerances that influence the
results need to be included. For all assembly types, but especially
manual assembly, one problem that can occur during assembly is
mis-constraining, meaning that the part is positioned but not in the
way intended by the designer. This phenomenon leads to quality
problems, increased costs, impact on functions, etc. In this paper,
the phenomena are illustrated using industrial case studies. Simu-
lation methods to model this are sparse and in this research a new
methodand simulation tool to include theeffects ofmis-constraining
are proposed and included in a CAT tool.
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1. Introduction

1.1. Manual assembly

In the global market, the concept of mass customisation has led manufacturers to diversify
their products and increase product variety (Coletti and Aichner 2011). The purpose of this
is to offer products that the end customer can customise to a high extent, increasing cus-
tomer value andwillingness to pay premium prices, but at a cost of manufacturing close to
producing traditional mass-produced products (Zhu et al. 2008), (Fogliatto, Da Silveira, and
Borenstein 2012). Mass customisation requires flexible production layout and production
processes and puts very high requirements on the equipment performing the assembly. To
achieve this flexibility, the most flexible and versatile assembly equipment are often used
in final assembly; the human operator (Fasth et al. 2010). In a mass customisation produc-
tion line, the feasibility of high level of automation is low since the cost supersedes the
gain. In the context of the automotive industry, a paced line is usually used, and a number
of different vehicles are produced in the same line with many thousands of customer cus-
tomisable combinations. This puts enormous pressure on the operation of the assembly
systems (Rekiek, De Lit, and Delchambre 2000; Svensson Harari, Bruch, and Jackson 2014).
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1.2. Manual assembly simulation

To simulate manual assembly, some type of mannikin is used in simulation software (Han-
son et al. 2014). The simulation can predict behaviours, postures, interaction betweenman
andmachines, etc. Further, assembly times and ergonomics evaluations can be performed
virtually. These types of simulations are called Digital HumanModelling (DHM). One exam-
ple is the IPS IMMA tool that performs all the simulations above (Hanson et al. 2019). DHM
simulations are often focusing on ergonomics, working conditions and optimisation of the
production flow (Pascual et al. 2020), (Hanson 2020). The effect from the manual assembly
process on the product is seldom assessed or simulated.

1.3. Assembly errors and quality problems

An assembly operation performed by a human will always be subject to a certain extent of
human errors. The task can consist of many sub-tasks, such as choosing the correct com-
ponent, positioning the component in the correct location, using the correct fasteners and
tools, performing the task in the correct order and adjustment of a component to a certain
specification (Torres, Nadeau, and Landau 2021). During this complex task errors can occur,
such as:

• Getting the wrong information or ignoring information
• Selecting the wrong component or omitting a component
• Operations are done in wrong order and/or direction
• Misalignment of parts
• Adjustments/checks of the assembly process are incomplete or omitted

Many different approaches exist for evaluating human reliability in the assembly process
and most of them focus on quality and system performance (Di Pasquale et al. 2018), but
the product properties are rarely evaluated.

Various types of assistance systems exist to help operators to secure quality, such as pick-
by-light, fixtures, sound confirmations, etc. These systems can improve the success rate and
quality of the assembly (Riedel et al. 2021) provided that they are used and followed by the
operator.

1.4. Complexity

How easy something is to assemble can be defined as the ease of gripping, positioning
and inserting a part into the assembly process (Fujimoto and Ahmed 2001). This can be
expanded to include an operator choice complexity. Many choices need to be made dur-
ing a fixed time, such as carrying out operations in the correct order, picking the correct
fastener, using the correct tool, etc.

Complexity can be defined as something that is difficult to understand, describe, pre-
dict or control (Sivadasan et al. 2006). Presence of such complexity will put high strain and
requirements on the operator’s physical and cognitive performance. Physical loads and
effects can be simulated and predicted using DHM as described previously.



56 M. ROSENQVIST ET AL.

Cognitive factors that can lead to errors include task design, assembly timing, physi-
cal loading demands, extrinsic motivation factors, teamwork and the assembly interface
design (Berlin et al. 2021).

Cognitive load canalsobe calculatedusingdifferentmodels (SamyandElMaraghy2010),
however, the soft parameters above are difficult to quantify and determine. Therefore, it is
desirable to findmethods to minimise the complexity in the manual assembly process and
thereby also reduce the costs of poor quality.

1.5. Geometry assurance, manual assembly andmis-constraining

In geometry assurance, one goal is to create robust locating schemes that are insensitive
to variation. However, the locating scheme must lock the degrees of freedom of a part as
intended to achieve the desired robustness. In manual assembly, this requires the operator
to succeed in realising the locating scheme as designed and if the operator fails due to any
of the previously described reasons, the robustness will be affected. This may create a mis-
alignment of the part resulting in a part mis-constrained when fastened. Also, simulations
made in CAT aiming to predict variation, will not be valid since the locating scheme has
changed. Therefore, the accuracy of current CAT simulations for manual assembly can be
very poor and not reflecting actual variation.

1.6. Perceived quality (PQ)

The quality of a product is amultidimensional structure andmany definitions of what qual-
ity is exist. A well-defined approach (Garvin 1984) from 1984 consists of eight fundamental
dimensions of quality. One of these is aesthetics or fit and finish. A portion of this quality
dimension is gap and flush measurements (Wickman and Söderberg 2007), (Stylidis, Wick-
man, and Söderberg 2020). In the automotive industry, the perceived quality of the vehicle
is one of the factors that defines the brand and how successful the product will be (Stylidis,
Wickman, and Söderberg 2020). In addition, the geometrical quality (i.e. gap and flush, etc.)
is being evaluated by customers to a high extent and can be the factor that determines if a
product is accepted or rejected (Forslund, Karlsson, and Söderberg 2013).

In this research the focus has been on evaluating gap and flush, since this is a very impor-
tant quality factor in consumer products. However, the proposed method can be used for
any type of geometrical requirements.

1.7. Scope of the paper and delimitations

Research regarding methods and tools supporting the simulation of mis-constraining in
CAT are, to the best of the authors knowledge, so far not published in any research papers
and research performed in this field is limited.

Some related research has been performed in the field of manual assembly and geom-
etry assurance. Studies on how assembly tolerances affect the human that performs the
assembly have been made showing that the smaller the assembly tolerance required the
more difficult, harmful and time-consuming the task becomes (Wartenberg et al. 2004).
Another approach is automated assignment of assembly tolerances using ontology to
ensure that the correct types of tolerances are assigned to assembly tasks (Zhong et al.
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2013). Human reliability studies to quantify the error and quality level, showing that the
highest error probability comes from assembly of parts sensitive to geometrical errors (Tor-
res, Nadeau, and Landau2021). Furthermanymethods to calculate the effect onother types
ofmis-constraining exist as described in Section 2.4, but no published research focus on the
simulationof the effect inmanual assembly andhow thatwill affect thegeometrical quality.

Therefore, the first study to show the phenomena, validate its existence and provide a
basic method and tool to simulate this is presented in this paper.

The aim of this study was to introduce a new method to simulate variation for manual
assembly processes when mis-constraining occurs. The method is implemented in a CAT
tool and evaluated on two test cases. Many methods exist aiming at reducing human error
during manual assembly, however the proposed method addresses a white spot on the
research map, i.e. how to simulate the effects on geometrical quality due to human errors.

There are many other factors that also influence geometrical quality, which have not
been addressed. The physical tests have been performed in the automotive industry using
parts and assembly techniques that are common in that context.

All parts have been assumed to be rigid in this work, however the proposed method
should be valid for non-rigid parts as well. Due to using rigid parts friction and weight are
not included in the simulations.

In Section 2, the frame of reference is extended to geometry assurance. In Section 3,
the suggested method, together with empirical tests are described. This is followed by
a description of the results and a discussion in Section 4 and 5. Conclusions are given in
Section 6.

2. Geometry assurance

In this section, an overview of geometry assurance is given. Geometry assurance is a set
of tools and methods, aiming to minimise the effects of geometrical variation on the final
product or subassembly.

2.1. Robust design

A robust design is a design that fulfils its requirements even in the presence of noise. In the
context of geometry assurance, geometrical variation inparts and in theassemblyprocess is
consideredasnoise. Geometrical variationonpart level stems frompreviousmanufacturing
processes. In the assembly process, noise can be caused by joining, wear on tools or as
previously mentioned by operator mistakes in a manual assembly process. In most cases
it is expensive and difficult to reduce the magnitude of the sources of variation, and it is
preferred to reduce the sensitivity to variation ingeometry assurance (Taguchi, Chowdhury,
and Wu 2005).

The idea of robust deign and its benefits in quality improvement was introduced by
Taguchi in 1986 (Taguchi 1986) and has been improved, refined and expanded since then.
Taguchi´s idea consists of determining which factors that affect a design and divide them
into two factors: control factors that can easily be controlled, and noise factors (geometri-
cal variation) that are difficult to control. To engineer a robust design, the control factors
are chosen to minimise the expected loss caused by the noise factors. The idea applied
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Figure 1. Geometry assurance process.

to geometry assurance means that the control factors are the locating schemes and noise
factors are the geometrical variation (Söderberg 1998), (Söderberg and Lindkvist 1999).

In geometry assurance, robustness is achieved by optimising the locating schemes and
the task is to optimise the position of the locators tominimise the sensitivity to geometrical
variation. This can be done using a stability analysis, implemented in CAT tools (Söderberg
and Lindkvist 1999). Using the stability analysis, the engineer can compare several product
concepts and iteratively find themost robust solution. If overall robustness is not important
other optimisation criteria canbeused, such as only evaluating the sensitivity to variation in
critical measures (Lööf, Lindkvist, and Söderberg 2009). This has been further evolved into
a complete framework and strategy for robust design (Howard et al. 2017), (Boorla et al.
2018).

2.2. Geometry assurance process

Aproduct developmentprocess consists of threemainphases, namely the concept, the ver-
ification and the production phase. The geometry assurance process is a part of the product
development process, describing thedevelopment activities connected to geometry assur-
ance. In Figure 1 an overview of a geometry assurance process can be seen (Rosenqvist,
Falck, and Söderberg 2015; Söderberg et al. 2016).

During the Concept phase many product concepts are generated and evaluated. The
focus in this phase is set on Robust Design which is evaluated and optimised by creat-
ing locating schemes and performing stability analysis. When the locating schemes are
optimised, the focus is shifted towards balancing and assigning tolerances which are eval-
uated and optimised using variation and contribution analysis. A presumption for these
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simulations to be reliable is that the operator assembling the systemmanages to assemble
as intended.

In the Verification phase the product is being produced in pre-series, at first with non-
production intent process and tools and later on with the intended process and tools
ramping up the production pace. The focus in this phase is to physically verify that all
geometrical requirements are fulfilled and if necessary, perform activities to correct any
problems.

During the Production phase the main task is to monitor the production to make
sure that the geometrical requirements are fulfilled long-term. Production knowledge and
inspection data are also fed back to the next concept phase as input data for new product
development.

2.3. Locating schemes

Locating schemes are one of the most important concepts within geometry assurance.
Locating schemesdefine howapart is positioned in space, by a fixture and/or by other parts
and assemblies. The locating scheme is used for manufacturing, assembly and inspection
to ensure that the part is correctly positioned.

A part assumed to be rigid has six degrees of freedom, three translations (TX, TY, TZ)
and three rotations (RX, RY, RZ) and therefore six points are needed to lock all transla-
tions and rotations in three independent directions (Söderberg, Lindkvist, and Carlson
2006). In the actual physical implementation some points may coincide, but at least three
locators (points) are necessary. Many different types of location points exist, for example,
pins/screws/rivets in holes or slots and clamps on surfaces.

There are two main types of locating schemes: orthogonal and non-orthogonal ones.
In an orthogonal locating scheme, the three independent directions are orthogonal to
each other (Söderberg, Lindkvist, and Carlson 2006). In such an orthogonal 3-2-1 locating
scheme, the A1, A2 and A3 locators define the primary locating plane and lock TZ, RX and
RY. The secondary locating plane is defined by points B1 and B2, locking TX and RZ, while
the last point, C, defines the tertiary locating plane and locks TY. All planes are perpendicu-
lar to each other. This type of positioning system is however rarely used in the automotive
industry since theparts have too complex shapes, see Figure 2. Instead, a non-orthogonal 6-
directions locating scheme can be used. Such a locating scheme consists of six points, that
all have unique locating directions non-orthogonal to each other. The locating scheme is
not allowed to be singular, i.e. the locating scheme must be able to lock all six degrees of
freedom of a rigid part. This kind of positioning system is usually used in the automotive
industry to position parts with irregular shapes, see Figure 3.

To achieve a robust design and mimic the intended system solution it is very impor-
tant that the positioning of parts is stable and error-free. If not, variation of the positioning
will affect the assembly process, and thereby also the perceived quality and function of
the finished product. The amount of variation introduced in the assembly is related to the
operator’s ability to position the part as intended by the locating scheme.

2.4. Mis-constraining of locators

As mentioned in the previous section the purpose of the locating scheme is to lock all
degrees of freedom of a part using fixtures or contact surfaces against other parts. If the
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Figure 2. 3-2-1 locating scheme.

Figure 3. 6-directions locating scheme.

positioning of a part is incorrect, the fulfilment of geometric tolerance specifications will
be affected negatively (Marin and Ferreira 2003). The outcome can be a part that has all
degrees of freedom locked and is positioned in space but not as the locating scheme
intended (Chaiprapat and Rujikietgumjorn 2008). The part has been mis-constrained. This
is not because the locating scheme is not robust, it might even have optimal geometrical
robustness with respect to the shape of the part, but due to variation and/or deviations
caused by the human operator.
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Several methods to calculate the errors induced during positioning exist (Vishnupriyan,
Majumder, and Ramachandran 2011; Rong et al. 2001; Khodaygan 2013). All those focus on
how deviations in the fixture affect the position of the part. However, usingmanual assem-
bly there is also a possibility that the operator fails to assemble the part according to the
assembly instructions (if theyexist),whichwill affect the functionof a locator. For example, a
locator intended to guide the part only in one directionmight guide it in two or three direc-
tions instead, which creates a completely different locating scheme and a mis-constrained
part.

2.5. Tolerances and variation

Regardless of the type of product, all products are affected by variation originating from:

• Manufacturing process, like cutting, milling, stamping, casting, etc.
• Assembly process, like equipment variation, robot variation, operator variation, etc.

When developing a new product, it is very important to consider and quantify the
allowed variation in each feature and property of the product. This needs to be done in
early product development (Ullman 2009).

This is done by specifying tolerances for each property, describing the upper and lower
specification limit forwhich the property is acceptable. This is then annotated onpart draw-
ings as GD&T (Geometric Dimensioning and Tolerancing) (Chiabert, Lombardi, andOrlando
1998).

Together with the positioning systems, tolerances are the most important factor affect-
ing the final variation of a product (Söderberg, Lindkvist, and Carlson 2006). Using tight
(small) tolerances is one way of improving geometrical quality but this approach is costly.
Both from economical and assembly perspectives, it is preferred to design solutions that
are geometrically robust, i.e. insensitive to variation, which allowswider toleranceswithout
affecting the geometrical quality.

When setting andbalancing tolerances, several strategies canbeused. In the automotive
industry the top-down method is the most common one. This method means that a toler-
ance specification is set on thehighest level, i.e. the finishedproduct, and this is thenbroken
down into individual and internally balanced tolerance specifications on the included parts
(Lööf 2010). To predict and ensure that the product quality meets its specifications, varia-
tion simulation predicting the final variation and deviation on the product level is usually
conducted. This is done in early product developmentusing3D tolerance chain calculations
tools, CAT tools (Söderberg et al. 2016).

2.6. Variation simulation in CAT

There are several commercial Computer Aided Tolerancing tools for geometry assurance
that fulfils the need for variation simulation. Some large brands are 3DCS (webpage, 2022),
VSA (webpage, 2022) andRD&T (webpage, 2022). In this paper, RD&Thas beenused for sim-
ulations and research. Variation simulation in RD&T is based on theMonte Carlo simulation
method (Zio 2013; Shen et al. 2005). RD&T is used in a number of automotive companies
globally. The following types of analyses are usually used:
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Figure 4. Variation analysis.

• Variation analysis: Statistical variation simulation based on the Monte Carlo method is
used to apply a number of input disturbances (tolerances) to the assembly. These are
usually normally distributed. The result is a prediction of variation in the final assem-
bly. Commonly used output format is 6 sigma as a measure of variation. The result is
presented both in numbers and in a histogram, see Figure 4.

The measure on the final assembly in Figure 4 is not within its tolerance limits and
therefore the product design needs to be reviewed. In order to do this, it is necessary to
analyse the impact of each tolerance on the variation in that measure which is done using
a contribution analysis.

• Contribution Analysis: Calculates the relative importance of each input deviation (tol-
erance) on the output deviation (measure). The result is presented as a ranking of the
contribution of each tolerance to the product variation. The contribution analysis is
done by varying the influencing parameters, one at a time, at three levels of HLM (High,
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Figure 5. Contribution analysis.

Figure 6. Rear lamp locators.
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Figure 7. Rear lamp assembly.

Low, Mean) and registering the result, see Figure 5. Using this list, the most influential
tolerances can be identified and possibly be reduced to improve the result on the
variation in each measure.

3. Methods and tests

3.1. Problem description, case 1

In previous research and industrial tests (Rosenqvist et al. 2013), (Rosenqvist, Falck, and
Söderberg 2016), (Rosenqvist, Falck, and Söderberg 2016), (Falck et al. 2017) it has been
established thatmanual assembly adds geometrical variation to the product, and this is not
included in current simulation methodologies. Mis-constraining is one of the contributors
to variation inmanual assembly. In this study, physical tests have been performed isolating
this phenomenon.

The testing was performed at a European automotive manufacturer using a car model
from running production. Actual production components were used, and the tests were
performed in a controlled industrial environmentwith noother noise factors. The test setup
was an assembly of a rear lamp to a finished body in white, with pins and screws as loca-
tors/fasteners, see Figures 6 and 7. The tests were performed according to the following
procedure:
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Figure 8. Measurement points.

◦ One car body was used throughout all tests (i.e. there was no variation from the car
body)

◦ One lamp was used throughout all tests (i.e. there was no variation from lamp)
◦ Two operators were performing the tests independent of each other
◦ There were six flush and six gap measurements made between the lamp and body for

each test, see Figures 8 and 9
◦ Gap measurements were performed with feeler gauge and flush measurements with

flush calliper, see Figure 10
◦ The fasteners were assembled with reduced torque, to ensure that no deformation

occurred of the parts ensuring consistent results

Each testwas repeated five times per operator andmean valueswere calculated for each
measurement during the test. In each test all assembly and/or quality problemswere noted
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Figure 9. Gap and Flush definition.

Figure 10. Measurement tools.

and summarised. The test case assembly was chosen since it is based on manual assembly
and it is relatively easy to assemble and isolate this process from other noise factors.

Several test series were performed to evaluate different scenarios and investigate the
importance of how the assembly was performed. The twomost relevant tests are included
in this study and are described below:

3.1.1. Test one, to investigate operator variation
The operator was not given any detailed instruction on how to assemble the lamp to the
body, only where it should be positioned, which fasteners to use and the screw sequence
to use. This test aims to simulate what happens when instructions are lacking/ignored or
proper trainingof the task ismissing. In this test, assemblywaspossiblebutdue to thediffer-
ent approaches with regards to gripping, assembly direction, assembly force, etc. between
the twooperators, the lampendedup in different positions resulting in differentmeasuring
results and fitment, see Figure 11.
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Figure 11. Fitment issues, left Flush and right Gap.

The results show that humanerrorswill influence thegeometrical quality of an assembly,
and that the influence is amplified when the distance to the locators increases, which is in
line with the concept of geometrical robustness (Söderberg et al. 2016).

The two operators conducted five trials each of assembling the body lamp on the body,
and gap and flush measurements were taken for each of the measuring points. First, the
mean of the measurements was calculated, and then the difference between operator A
and operator B was assessed. The measures with highest influence turned out to be P2-4
in gap direction, as shown in Table 1. The table shows the mean, in mm, for each measure
and the difference between the mean values for operator A and B.

3.1.2. Test two, to investigate the influence from screw sequence
Two different screw sequences were tested, both the correct one according to the system
solutionwhich is called ‘OuterTopInner’ (OTI in Tables 2 and 3) in Figure 12, in this sequence
the three screws are tightened in the order 1. Outer, 2. Top and 3. Inner and, another one
called ‘InnerTopOuter’ (ITO in Tables 2 and 3), see Figure 12, in this sequence the three
screws are tightened in the order 1. Inner, 2. Top and 3. Outer. The second sequence was
selected due to experience from the company and initial tests showing that this sequence
has a significant effect on the positioning of the lamp. More sequences were tested, and
this will be elaborated below. In this test the operators were given detailed instructions
on all parts of the assembly process and the test was supervised to make sure that these
instructions were followed. In this way, the effect from screw sequence could be isolated.

The results show that changing the screw sequence to another sequence than the one
intended will influence the geometrical quality. The results for the two sequences can be
seen in Tables 2 and 3, and this will be further discussed in Section 3.3. The measures most
affected by the change of sequence are P1 and P3. Already in this test the misalignment of
screwholeswas apparent, seeFigure13. This shows the impact frommis-constrainingwhen
altering the screwsequence. Severalmore sequenceswere tested resulting inmisalignment
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Table 1. Human error test data.

P1 - Flush P1 - Gap P2 - Flush P2 - Gap P3 - Flush P3 - Gap P4 - Flush P4- Gap P5 - Flush P5 - Gap P6 - Flush P6 - Gap

A&B Mean A −0.870 2.040 −1.480 2.680 −2.584 2.600 −1.772 1.660 −1.294 1.080 −0.874 1.400
Mean B −0.968 1.900 −1.634 2.220 −2.358 2.060 −1.612 1.380 −1.324 1.100 −0.866 1.320
Difference 0.098 0.140 0.154 0.460 0.226 0.540 0.160 0.280 0.030 0.020 0.008 0.080

Table 2. Screw sequence test data mean difference.

P1 - Flush P1 - Gap P2 - Flush P2 - Gap P3 - Flush P3 - Gap P4 - Flush P4- Gap P5 - Flush P5 - Gap P6 - Flush P6 - Gap

OTI & ITO Mean OTI −0.968 1.900 −1.634 2.220 −2.358 2.060 −1.612 1.380 −1.324 1.100 −0.866 1.320
Mean ITO 0.196 2.240 −0.602 3.040 −2.206 3.060 −1.330 1.920 −0.712 1.100 −0.554 1.520
Difference 1.164 0.340 1.032 0.820 0.152 1.000 0.282 0.540 0.612 0.000 0.312 0.200

Table 3. Screw sequence test data, min–max value difference.

P1 - Flush P1 - Gap P2 - Flush P2 - Gap P3 - Flush P3 - Gap P4 - Flush P4- Gap P5 - Flush P5 - Gap P6 - Flush P6 - Gap

OTI & ITO MIN −0.990 1.900 −1.680 2.100 −2.600 1.900 −1.690 1.300 −1.340 1.000 −0.890 1.300
MAX 0.400 2.300 −0.440 3.200 −2.030 3.200 −1.270 2.000 −0.660 1.200 −0.420 1.600
Difference −1.390 −0.400 −1.240 −1.100 −0.570 −1.300 −0.420 −0.700 −0.680 −0.200 −0.470 −0.300
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Figure 12. Screw locations.

of screw holes so severe that full assembly was impossible without using excessive force.
For example, tightening the top screw first, which was intended only to locate in only one
direction, X-direction,made that locator a full-steering locator locking the lamp in X-, Y- and
Z-directions. This created a completely different locating scheme than the one intended
and actually made full assembly impossible.

3.2. Method for simulatingmis-constraining virtually in CAT

As shown previously several types of errors can be introduced by the operator when per-
forming amanual assembly, and someof themaffect the geometrical quality. The objective
of this study was to illustrate one of these errors, mis-constraining of the locators. This
phenomenon needs to be included in the variation simulation capabilities in CAT tools.
Therefore, a new method to create mis-constrained locating schemes in CAT for variation
simulation of manual assembly when mis-constraining occurs is suggested.

Results from the industrial test cases were used as input to determine and develop a
suitable simulation algorithm for prediction of variation when mis-constraining occurs in
manual assembly.

3.2.1. CAT simulationmethod
As previously described, a locating scheme consists of three A locators, two B locators
and one C locator. Due to mis-constraining, there might be more possible A, B and/or C
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Figure 13. Misalignment of screw hole.

locators. Say that we havem possible A locators, and we want to know howmany different
combinations there exist, when the order of the three A locators does not matter.

This can be written as

nA =
(

m
3

)
= m!

3!(m − 3)!

Similarly, if we have k possible B locators, we get

nB =
(

k
2

)
= k!

2!(k − 2)!

And with j possible C-locators

nC =
(

j
1

)
= j!

1!(j − 1)!
= j

The total number of possible locating schemes will then be

nTot = nA · nB · nC
If the possible number of A, B and C locators arenA = sizeA, nB = sizeB and nC = sizeC, all
the possible locating schemes can now be created as:

Calculate the possible combinations for the A locators
For i = 1 to sizeA-2
For j = i+ 1 to sizeA-1

For k = j+ 1 to sizeA
A1 = i
A2 = j;
A3 = k
Store A1, A2 and A3
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Calculate the possible combinations for the B locators
For j = 1 to sizeB-1
For k = j+ 1 to sizeB
B1 = j
B2 = k
Store B1 and B2

Create all locating schemes
For i = 1 to nA
For j = 1 to nB
For k = 1 to nC
A1 = A1i
A2 = A2i
A3 = A3i
B1 = B1j
B2 = B2j
C = Ck

If the locating scheme is feasible (not singular):
Store it

This algorithm has been implemented as a function in the CAT tool RD&T and is used for
the remaining part of this study.

3.2.2. Suggested newworkingmethod in CAT
To start with, the user needs to define if all or just some locators are susceptible for mis-
constraining and inwhich directions. This is done by selecting for example that an A locator
can become a C locator etc. using buttons as shown in Figure 14.

Thereafter, the user generates all possible locator schemes (sets) based on the locators
susceptible to mis-constraining, using the buttons in Figure 15 (see previous section how
these are generated). In this study, the locators are realised by points but in reality they are
some type of features such as holes, slots, pins, surfaces, etc.

Depending on the locating scheme, the assembly operation, the geometry of the part
and the typeof locating features, some locatorsmaybe susceptible tomis-constraining and
some may not. Some experience and knowledge of the product and process are needed
to decide what locators to include. In general, locators realised by some type of pin (clip,
bolt, guiding pin, etc.) locating into a hole or slot are more susceptible to mis-constraining.
Surface locators are usually not (Lindau et al. 2013), given the low clamping forces used in
manual assembly.

However, this function can be expanded using features instead of points in the simula-
tionmodel and then the selectionofwhich locators that are susceptible tomis-constraining
can then be done automatically.

Variation simulation is then performed, and in this stage, the created locating schemes
are tested for feasibility. Singular locating schemes, where not all degrees of freedom are
locked, are automatically excluded from the simulation. The results are presented as anRMS
(RootMeanSquare) value of all critical measures, including the worst, the intended and the
best locating scheme. This results in a range for the expected variation in the assembly,
given that mis-constraining occurs.
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Figure 14. Defining locators susceptible to mis-constraining.

Figure 15. Generating all possible locator schemes (Sets).
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Figure 16. Locating scheme with tolerances for lamp.

3.3. Validation ofmethodwith physical tests

To validate the method a CAT simulation model in RD&T of the lamp assembly used for
the industrial test case was created, using the intended locating scheme and all the part
tolerances according to drawings, etc.

Based on the previous analysis, the locators X1 and X3, see Figure 16, were determined
to be susceptible of mis-constraining in Y and Z directions. This means that 21 different
possible locating schemes can be created using the following:

• The A-plane will always consist of the same locators X1-X3 and steer in X-direction
• The B-line can be constructed of X1, X3 in Y or Z direction and/or Y4 and Y5 in Y direction

in all possible combinations
• The C-point can be constructed with X1 or X3 in Y or Z direction or Z6 in Z direction
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Figure 17. Locating scheme with mis-constrained locators.

That gives the possible locators shown in Figure 17. All different possible locator
schemes were then generated automatically as described before. The same 6 measuring
points were defined as in the physical tests, see Figure 18.

5000 Monte Carlo simulation were then made to simulate variation in these measures.
All possible locating schemes are automatically simulated for each measure as described
before. During the simulation several sets of locators are not possible to use, since the
results are singular. These sets are automatically removed from the simulation. For example,
set 123-24-1 is one of the removed sets. It uses Y5 and X3 as B-locators in Y and Z6 as
C-locator in Z, see Figure 19.

The results are shown in Table 4. The RMS of variation for all 6 measures is automatically
calculated for easy comparison between different locating schemes. The intended locating
scheme has an overall variation of around 1mm and the worst mis-constrained location
scheme of around 6mm. The added variation comes both from the locating scheme being
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Figure 18. Measures in CAT simulation model.

Table 4. Monte Carlo simulation of varia-
tion case 1.

Flex set RMS

Original 0.87370
Set123231 1.10285
Set123131 6.13014

different (i.e. less robust) and the fact that some locators have larger tolerances in their non-
intended steering directions. The worst set, 123131, has the Y-line (B-locator) consisting of
the two TOP locators in Figure 12, which is due to the screw sequence Inner Top Outer
being used in this set. The worst simulation screw sequence is also the same as the worst
sequence in the physical tests verifying the results.

Comparing this with the physical test results in Table 2, showing the mean difference
between the two different screw sequences described in Section 4.1 and Table 3, describ-
ing themin–max difference between eachmeasure for the two tested sequences the same
phenomena can be seen as in the simulation model. Changing the screw sequence, i.e.
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Figure 19. Singular locating scheme.

changing the locating scheme, will create a major difference in the measures. For exam-
ple, in P1-Flush, the physically measured value differs more than 1mm for the two screw
sequences, which then consumes the entire allowed tolerance zone for that measure. This
validates that there is an unneglectable influence of mis-constraining in manual assembly
and that one type of misalignment is incorrect screw order (or assembly order for other
types of fasteners).

In Figure 20 the total RMS variation for all measures in the different tests are show. The
first 2 bars show the results from physical test one. In these tests the intended screw order
is used, and this shows the amount of variation added just by the operator. In these tests
that is between 0.15 and 0.3mm. This will serve as a baseline for the physical tests.

The third bar shows the result from physical test two, where several screw sequences
were used. This test generates a variation of 0.8mm, significantly larger than just the oper-
ator variation, an increase of up to 5.5 times. Fourth bar shows the simulation result in CAT
for the intended screw sequence. This will serve as a baseline for simulations to compare
with themis-constrained screw sequences. Note that actual numbers cannot be compared.
In the physical tests, only one body and lamp were used but in CAT 5000 different samples
are used which will skew the results and generate more variation in the simulation. How-
ever, trends and relations between different location schemes and the resulting variation
can be observed. In the CAT simulation, the results for the worst and best mis-constrained
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Figure 20. RMS variation.

locating scheme can be seen in bars 5 and 6. For the worst, we can observe an increase of
7 times. This corresponds with the significant increase in the physical tests and shows that
the simulation method can be used to predict variation when mis-constraining occurs.

3.4. Problem description, case 2

In the second test case an assemble yourself furniture was used. Commonly available in
several brands of furniture stores it consists of chipboard pieces in flat packages that the
customers assemble themselves in their home using the supplied assembly instructions.
The assembly instructions are quite sparse and the operator (the customer) canbe assumed
to not be a professional furniture builder. So, in this case a lot of variation can be expected
in the assembly order and the way the assembly is performed.

The simulated cabinet can be seen in Figure 21. It consists of four pieces of chipboard
assembled with eight fasteners. The fasteners are screws entering non-gripping holes and
then orthogonal insert nuts are tightened, see Figures 22 and 23.

The first step of the assembly is simulated, to fit the bottomboard to the sides of the cab-
inet. The gap and flush towards the drawer that goes into the cabinet are then evaluated
after assembly, see Figure 24. From a customer aesthetic perspective, it is desirable to have
an even consistent gap all around the drawer and a drawer in flush with the sides. Further-
more, the gap also affects the function of the cabinet, if the gap is too small the drawer will
be difficult to move or even not fit all the way in.

No specific assembly order of the fasteners is specified in the instructions meaning that
it can be assumed that any assembly order can occur of the three fasteners. The baseline
locating scheme can be seen in Figure 25, with A1-A3 forming a plane in Y- direction, B1-B2
forming the line in Z-direction and C1 locking X-direction. However, since all locators are
the same any of the three fasteners can become B1, B2 and C1 depending on the assembly
order. That also means that the B-line can be in Z or X-direction and the C point can be
in X or Z-direction. Using the method as in Section 3.2 this generates 16 possible locating
schemes depending on the assembly order.
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Figure 21. Cabinet.

Figure 22. Fitted fasteners.

In Figure 24, the four measures used for evaluation are shown. Thesemeasures are used
to evaluate gap and flush between the frame of the cabinet and the drawer.

As in case number 1, 5000Monte Carlo simulation were thenmade to simulate variation
in thesemeasures. All possible locating schemes are automatically simulated for eachmea-
sure as described before, and in this case none of the 16 locating schemes were singular so
all could be simulated.



JOURNAL OF ENGINEERING DESIGN 79

Figure 23. Fastener unassembled.

Table 5. Monte Carlo simulation of varia-
tion case 2.

Flex set RMS

Original 0,83917
Set123125 0,83917
Set123364 1,13384

The results are shown in Table 5. The RMS of variation for all four measures is automati-
cally calculated for easy comparison between different locating schemes in the same way
in case 1. The intended locating scheme, 123125, which also is the best one, has an over-
all variation of around 0.84mm and the worst mis-constrained location scheme, 123364,
of around 1.13mm. The added variation comes from the locating scheme being different
(i.e. less robust). In Figure 26 locating scheme 123364 can be seen. Comparing the best and
the worst outcome shows that the worst assembly order adds 35% more variation to the
product, affecting both the aesthetic and the function. Themost affectedmeasures are the
flush measures with almost 70% increase in standard deviation, see Figure 27. Obviously, a
large improvement in product quality and function could be achieved bymaking sure that
the operator assembles the product in the correct order.
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Figure 24. Gap and Flush measurements.

3.5. Optimisation of an existing design in production

Additionally, the method can be used for an existing design solution to optimise the geo-
metrical quality. In running production, it is seldom possible to change the parts or the
process layout and the geometrical outcome (variation andmean shift) in critical points on
the parts are stable. However, changing the screw/assembly order might be possible.

In order to simulate this, the intended tolerances in the CAT simulation model for case
1 were replaced with actual measurement data on the ingoing parts and assemblies and
the simulation was re-run in the same way as described in Section 3.3. The last 2 months of
production data were used resulting in 18750 simulation loops.

Depending on the geometrical deviations on the included parts, which may differ from
allowed tolerances on drawings, the intended locating scheme might no longer be the
most robust given the context. In Table 6 the simulation results for the same case as used
in Section 3.3 but with measurement data instead of drawing tolerances can be seen.
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Figure 25. Baseline locating scheme.

Table 6. Simulation of variation
with measurement data case 1.

Flex set RMS

Original 2.01105
Set123142 1.65513
Set123131 6.45077

As seen in Table 6, with these measurement data as input, the most robust locating
scheme is not the intended that has a RMS variation of 2,01mm instead it is the location
scheme in set 123142 that has a RMS variation of 1,66mm. Changing the instructions for
that assembly to a new screw order corresponding to set 123142 will give a 17% reduction
in variation in the critical measures without any additional production cost or time.

Using this function to evaluate running production can be a quick and easy method to
find cost-effective improvements to reduce variation, in somecases therewill be assemblies
that benefit from changing the screw/assembly order (in reality the locating scheme).
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Figure 26. Locating scheme 123364.

Figure 27. Variation for the best and worst locating scheme.
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4. Results

The results from this study can be divided into different categories and those are shortly
summarised below.

4.1. Input to CAT simulation

The physical tests confirmed that mis-constraining of manual assembly can occur and that
one possible mode of this is that a part is located with a certain set of points, but which
point lockswhichdegreeof freedomcanbe altered in relation to the intended solution. This
will position the part in space and lock all degrees of freedom but with a different locating
scheme than the intended engineering solution.

So, to simulate variation and make a relevant prediction of the total variation for such
an assembly, all the possible mis-constrained locating schemes need to be included in the
simulation.

4.2. Variation simulation ofmis-constrained locating schemes in CAT

In order to simulate variation including the effects of mis-constraining, all possible locat-
ing schemes need to be generated and variation needs to be calculated for each one of
the locating schemes in all critical measures. The critical measures can be anything that
is important for the product, aesthetical or functional. In this paper, an automated func-
tion is suggested that calculates all possible locating schemes that can occur, sorting out
the singular ones (that would not be possible to assemble) and present a tolerance band
for the assembly. The function can either simulate all possible locating schemes for all the
six locators or a selection based on user input on which locators that are susceptible to
mis-constraining. Further, the function can be used to optimise geometrical robustness
of existing design solutions and improve quality without any need for product or process
layout change.

4.3. Results from virtual simulation of industrial cases

The simulation results are consistent with the physical tests. It shows that changing the
screw order, which leads to a change of locating scheme, will affect how variation prop-
agates in the assembly and thereby the geometrical quality of the assembly. The pro-
posed functionality gives an easy and quick way to, in minutes, simulate the effects of
mis-constraining in variation simulation.

5. Discussion

When building a CAT simulationmodel the purpose is to create an accurate representation
of the product and process. If the simulated variation is to be relevant, as many as possible
of the contributors to variation need to be present in the simulation model. For manual
assembly, variation added by the operator is often omitted or added as a generic number
seldom representing the actual figures. There is a valid reason for this, since few tools exist
to calculate such tolerances and it is time-consuming to derivate these by physical tests.
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However, that does notmean that the variation addedby the operator canbeneglected.
In this research, it is shown that just the tolerance addedby the operator can be bigger than
the entire allowed tolerance zone.

Mis-constraining in manual assembly is a quite immature research area, and there are
many more types of mis-constraining that can occur than addressed in this paper; one
example being that due to tolerance on parts, physical contact occurs in other areas than
intended, creating new, unknown, locators and yet more new locating schemes.

The simulation technique suggested in this research does not cover all types of mis-
constraining, but it addresses the most common type and is a good start to adding this
contributor to variation sources in geometry assurance. In the cases presented the focus
hasbeenonaesthetical errors causedbymis-constraining, butdependingonproduct, func-
tional requirementsmaybeofmore importance and themethod is universal. Insteadof gap
and flush, other types of measurements can be simulated such as clearance, grip between
an axle and a bearing, etc.

As a first step in the product development, the focus should of course be on avoiding
mis-constraining and human effects on the products and assembly. Several goodmethods
exist for this task; DFMA (Design ForManufacture andAssembly) provides a comprehensive
set of tools to design products with manufacturing in mind to ensure the best transition to
production (Bayoumi 2000), physical methods to ensure that the correct assembly order
and parts are used, for example Poka-Yoke (Dudek-Burlikowska and Szewieczek 2009) and
Augmented Reality (Wang, Ong, and Nee 2016) or complete strategies for manufacturing
with focus on reducing waste throughout the entire process such as Lean Manufacturing
(Gupta and Jain 2013). However, despite trying to avoid human errors andmis-constraining
this will still occur to some extent and therefore it is important to be able to quantify the
effects. In addition, in assembly processeswhere limited consideration to human errorswas
made during product development, the possibility to optimise these adds important value.

In this research parts are assumed to be rigid, however this is not valid for all parts. Some
partswill benon-rigid and then the analysis needs tobebasedon finite element analysis, i.e.
a non-rigid variation simulation needs to be performed (Wärmefjord et al 2016). However,
the same functionality and calculation can still be used.

Future research includes algorithms that automatically find which locators might mis-
constrain and identify additional areas where unwanted physical contacts could occur and
adding them to the simulation as potential locators.

6. Conclusions

The proposedmethod in the CAT tool RD&T enables the simulation of mis-constraining for
manual assembly processes, and the inputs can be added in a convenient and structured
way to the simulation model. This facilitates improved accuracy in the simulation results
and highlights the need for consideration of manual assembly tolerances when predicting
total variation of an assembly. In addition, the method can be used to improve geometri-
cal robustness for existing designs by finding the optimal screw/assembly order given the
physical shape of the included parts.

The industrial test cases show promising results, verifying that mis-constraining affects
the geometrical outcome. Including this in variation simulations improves the accuracy of
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the CAT simulation results. More test cases need to be done to validate the method and
more research is needed to investigate more types of mis-constraining.
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