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ABSTRACT
The use of holding and inspection fixtures is common across many sectors of manufacturing.
The concept of a fixture for holding a component, for the purposes of assembly or inspection, is
straightforward. The fixture design and the associated clamping strategy can have a significant
impact on the process. This paper presents a methodology for investigating the effects of clamp-
ing sequence for a production inspection fixture, on the dimensional variability of an automotive
production-representative sheet metal sub-assembly, along with experimental findings and analy-
sis of measurement data. The study utilises both a coordinate measuring machine and laser tracker
to capture a range of features and surface points, and compares four different clamping sequences,
including the manufacturer’s defined sequence, to evaluate their effect on the dimensional results
from a predeterminedmeasurement plan. The results from the study show that therewas significant
variation in measurements taken from the four different clamping sequences, and these variations
can show the same points and/or features being within tolerance for one clamping sequence and
out of tolerance for another. This clearly hasmajor implications for product development and subse-
quent volumemanufacture, so needs to be considered and optimised in themeasurement planning
process.
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1. Introduction

Currently, holding fixtures are used to locate, posi-
tion and secure manufactured components and sub-
assemblies during the inspection and assembly processes
within amanufacturing system. If a component or system
variation cannot reliably be identified during an inspec-
tion, errors will propagate into the final assembly. There
are digital simulation tools available to aid with robust
fixture design and, more specifically, to predict potential
component distortion, but as with any form of simula-
tion, a certain amount of physical validation is needed
before simulation results can be relied upon, and this is
where a gap in current research studies has been identi-
fied.

The locator and clamp layout of a fixture are crit-
ical factors in its design. They must hold the compo-
nent securely, locate it with high positional accuracy, and
achieve goodpositional reproducibility in repeated use. A
fixture will typically have a set of datum locators, which
determine the position and orientation of the part, and
clamps, which exert a load perpendicular to the locator
surfaces to hold the part in place, for either the purpose
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of part inspection or to create the final assembly condi-
tion (Qin, Zhang, andWan 2006). On this basis, a fixture
can be classified into one of two categories:

(a) Machining and assembly (M&A) fixture (Zheng and
Chew 2010; Wan and Zhang 2013; Phoomboplab
and Ceglarek 2008),

(b) Inspection fixture (Cai-qi, Zhong-qin, and Xin-min
2006; Jiang, Zhou, and Li 2013)

Whilst the primary purpose of both fixture types is
to provide accurate, repeatable and optimal positioning,
the work-holding load of the M&A fixture designed to
withstand is generally significantly greater in comparison
to the inspection fixture and is hence a more substan-
tial structure, but they could be also used for inspection
fixture.

There are two fundamentally different approaches to
fixturing and clamping for inspection that can be taken
(Tuominen 2011). One approach is to support the com-
ponent in a free state (i.e. with no clamping applied),
hence, in theory, removing any external influences which
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could affect the geometry. In reality, large components
can often distort under their ownweight if not adequately
supported, and the alignment of the measurement sys-
tem will have to be performed from the component
itself, which is not ideal if multiple components are being
inspected and compared (Turley et al. 2014). The second
approach is to ‘hold’ the component in the orientation in
which it will be assembled on the car and using a loca-
tion strategy that replicates the assembly process. This
requires an accurate fixture and well-thought-out clamp-
ing strategy but creates a repeatable inspection environ-
ment for the measurement of multiple parts. In practice,
there are benefits and limitations to both methodolo-
gies, and the organisation’s over-arching inspection strat-
egy will likely dictate which approach should be taken.
The more ‘controlled’ approach of holding the compo-
nent in a dedicated fixture is by far the most common
approach taken in automotive manufacturing, and hence
the need to understand the effect of the location strat-
egy and clamping sequence is of critical importance to
the accuracy and reliability of inspection data generated,
particularly using different measurement sensors (Kiraci
et al. 2017).

The forces imparted to the component at the con-
tact points between it and the clamps, together with the
sequence in which those clamps are applied, considerably
influence the final distribution of the contact forces in
the inspected component (Qin, Zhang, and Wan 2006).
As a result, for even an optimised and repeatable fix-
ture layout, geometric variation can still be induced by
the clamping sequence, as supported by previous stud-
ies (Matuszyk, Cardew-Hall, and Rolfe 2007; Qin, Zhang,
and Wan 2006; Raghu and Melkote 2004). These docu-
mented studies, however, only considered M&A fixtures
and were predominantly simulation-based (Table 1). For
those studies where experimental data were collected,
these focused on machining fixtures, and whilst they
considered clamping sequences, there were relatively
few clamps acting on rigid workpieces (C. Cogun 1992;
Raghu andMelkote 2004).Whilst these publications pro-
vide useful background information, the authors have
been unable to find any documentation of studies based
on inspection fixtures (as opposed to M&A fixtures), or
any studies relating to sheet metal components (such
as those in automotive body structure assemblies). The
National Physical Laboratory (NPL) measurement best
practice guide states that clamping can be a source of
error (Flack and Hannaford 2005) but does not provide
details of the potential effect.

Measurement System Analysis (MSA 2010) studies
helpmanufacturers and their suppliers to decide whether
the measurement system is capable, conditionally capa-
ble, or not capable of the respective measurement task

(Hocken and Pereira 2012). The effect of clamping layout
and sequencing should, therefore, be a consideration
within future Gauge Repeatability and Reproducibility
(GR&R) studies, and the associated guidelines published
in this area.

The aim of this study was, therefore, to investigate and
show the effect of inspection fixture clamping sequence
on the dimensional measurement variability of a non-
ideal, compliant automotive sub-assembly and to investi-
gatewhether altering the clamping sequencewould create
quantifiable variation in the inspection results.

The novel aspects of this particular study were

(a) Use of a representative, non-ideal, compliant auto-
motive sheet metal assembly and the manufacturer’s
industrial inspection fixture (using two locators and
eleven clamps)

(b) Use of two differentmeasurement systems to investi-
gate different aspects of part variation – a large, hori-
zontal arm Coordinate Measuring Machine (CMM)
was used to inspect the position of critical features
such as holes and slots, and a Laser Tracker (LT) was
used to measure the deviation of surface points.

The following sections describe the experimental pro-
cedure, the measurement analysis performed, the results
of the study and a discussion of the outcomes.

2. Materials andmethods

In this study, two measurement systems were used: (a) a
laser tracker (LT) system and (b) a horizontal arm CMM
with a touch-trigger probe. Horizontal arms are com-
monly used for the inspection of larger automotive sub-
assemblies or other similar-sized and toleranced parts, as
they tend to enable good accessibility to all sides of the
part (Kiraci et al. 2016). The inspection fixtures are typ-
ically designed with the consideration that a horizontal
arm CMMwill be used for measurement in the automo-
tive industry. In this study, a horizontal arm CMM was
used to measure the position of critical features such as
holes and slots while an LT measured the deviation of
surface points.

The subsequent sections describe the following aspects
of the study – (A) description of sub-assembly, (B) spec-
ification of the inspection fixture, (C) specification of LT,
(D) specification of CMM touch probe, (E)measurement
procedure using LT (E1) and CMM (E2).

(A) Description of the sub-assembly

The sub-assembly, used in this study, was a rear quar-
ter of an automobile (Figure 1). It is one of the largest
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Table 1. A brief overview of the existing literature on clamping sequence studies with research gap identification.

Simulation-based study Experimental investigation Use of real part with features

M&A fixture Clamping sequence for
a given fixture layout

Matuszyk, Cardew-Hall, and Rolfe 2007; Qin,
Zhang, and Wan 2006; Raghu and Melkote
2004; Bazrov and Sorokin 1982; Cogun 1992

Raghu and Melkote 2004

Inspection fixture Clamping sequence Research gap and scope of the study

Figure 1. (a) A representative non-ideal complaint sheet-metal sub-assembled part used in the study along with four classified zones
(b) the location of the clamps, the locator pins (XYZ1 and Z2) and RPS alignment.

panels in the vehicle with a number of matching surfaces;
hence, can greatly contribute to automotive dimensional
integrity and quality. A representative part was randomly
selected from the production line. All sub-components
were assembled from parts conforming to the Produc-
tion Part Approval Process (PPAP) (AIAG 2006). The
expected variability of the measured assembly is, there-
fore, considered to be within assembly specifications as
defined by theManufacturer. This sub-assembly contains
various measurement features including surface points,
holes and slots which were measured during the experi-
ments.

For the analysis of the measurements, the sub-
assembly was broadly classified into four zones as shown
in Figure 1a, to simplify analysis and allow a better visual
representation of the results. Each zone consisted of at
least three surface points and three features. To define the
alignment of the sub-assembly, three reference spheres
(RP01-XYZ, RP02-YZ and RP03-Y) were measured and
aligned using the Reference Point System (RPS), as seen
in Figure 1b. It should be noted that these reference
spheres are a design feature of the fixture – they were not
added for the purpose of this study.

The datum strategy of the sub-assembly was provided
by theOEManddefined in the operationmanual andGIS
(Gauge Instruction Sheet). This datum scheme followed
a typical hole (XZ1) and slot (Z2) configuration and was
used as standard in the automotive industry. The fixture
used in this study, as shown in Figure 1, was designed and
manufactured to these requirements.

(B) Specification of the inspection fixture

The fixture was manufactured in accordance with the
OEM’s holding fixture design documentation, including
datum, locator and clamp positions and specifications.
There are 2 pin locators, 11 clamps – 2 in ‘Z’ and 9 in
‘Y’, closing against net pads, as shown in Figure 1b. The
fixture was assembled to a general tolerance of ±0.2mm
as per the manufacturing tolerance. The tolerances of the
pins were as follows – (a) Size - 0.02mm/−0.03mm of
nominal, and (b) Positional ±0.1mm of nominal. The
datum faces were±0.05mm/1000 Flat and Parallel. Four
different clamping sequences were used in this study as
follows: (a) clamping sequence specified by the OEM (b)
SEQ 1 followed a clockwise clamping sequence starting
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Figure 2. The measurement systems used in this study (a) A horizontal arm CMM, (b) a Laser Tracker.

from Z3 and ending at Y9; (c) SEQ 2 followed an anti-
clockwise clamping sequence starting from Z3 and stop-
ping at Y7; (d) SEQ3 used the concept of union jack
initialising from Y10 and final closing at Y11. It should
be noted that there were numerous potential clamping
sequences could have been used to locate this part. In
addition, changing the starting clamping location of the
sequence could change the effect of a given sequence
and the resulting measurements. The objective of the
study was not to find the best sequence but to investi-
gate how the above-mentioned four sequences affected
the resulting measurement data.

(C) Specification of the LT

A Leica Absolute Tracker AT960- LT providing
dynamic six degrees of freedom (6DoF) measurement
up to 100Hz (HEX) was used in this study as shown
in Figure 2b, along with SpatialAnalyzer software (SA
2019.09.10 Version). For measurements, retroreflectors
were used and the maximum permissible error (MPE)
was specified as 15μm+ 6μm/m, which means that
the overall accuracy of the Laser Tracker (LT) dimin-
ishes over distance as per ASME B89.4.19 (2006) and
ISO10360-10 (2016). Consequently, it is important to
set up the tracker as close as possible to the fixture to
minimise further uncertainties and errors. With this sys-
tem, two different types of Spherically Mounted Retrore-
flectors (SMR) were used: 1.5’ SMR and 0.5’ SMR. In
this study, the 1.5’ SMRs were used for reference sys-
tem calibration, whereas the 0.5’ SMRs were used for the
experimental measurements.

(D) Specification of the CMM

An LK HC90 Horizontal Arm CMM was used in this
study, as shown in Figure 2a. The CMM was equipped
with a TP20 5-way kinematic standard force touch trig-
ger probe, in combinationwith a 140mmextension and a
2mm tip diameter. Camio 8.5measurement software was
used. The CMMmeasuring arm accuracy was verified in
accordance with ISO10360-2 (2009) with an expanded
measurement uncertainty (k = 2) of 18 μm+ 0.87 L/M
μm as stated by the manufacturer.

(E) Measurement procedure

In this study, the following sequences of operation
were performed to measure the effect of the clamping
sequence: (a) loading and locating the sub-assembly to
the fixture, (b) clamping using a specified sequence, (c)
performing measurements (either with CMM or LT),
(d) releasing the clamps, (e) unloading the sub-assembly
(taking out of the fixture entirely). This sequence (a) to
(e) was repeated 30 times consecutively to create a full
set of measurements for a selected clamping sequence.
The dataset was then used to calculate the variation of
the measurement for a given clamping sequence.

For each clamping sequence, the workpiece was
released from the clamps, unloaded from the fixture,
reloaded on to fixture and re-clamped prior to each of
the 30 measurements. The different clamping sequences
were not mixed between measurements, so 30 consec-
utive measurements for each clamping sequence were
taken.
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An additional measurement process was performed
to calculate the repeatability of the measurement system
(for both the CMM and LT). In this case, the part was
loaded and the OEM sequence was selected to clamp
the part to the fixture. The part was not released and 30
consecutive measurements were performed to produce a
set of measurement data that were used to calculate the
repeatability of the CMM and LT.

(E1) Measurement procedure using LT

There were 10 reference points (nests) on the fixture
and they were verified using the 1.5′′ SMR tooling with
the single-point measurement mode. Subsequently, the
LT located the reference points in order to establish a
common reference system on the fixture. The alignment
method usedwas the best fit alignment using 10 reference
points. This establishes a repeatable coordinate system
that can be used for the comparison of one part at mul-
tiple stages. The amount of drift was measured at the
start of measurement, and repeated intervals through-
out the job by re-measuring the set of reference points
using a 1.5′′ SMR. If the measured drift of any of the
reference points was below 3 μm, it was assumed that
the instrument had not moved relative to the workpiece
being measured, and therefore, was ready to take further
measurements.

Sixteen surface measurement points were identified
and 0.5′′ SMRs bonded to the workpiece for each mea-
surement point. Measurement points were selected that
corresponded with component matching surfaces identi-
fied from the CAD data and CMM programme supplied
by the OEM. These points were then measured using the
LT. The measured part geometry was divided into four
‘zones’, as described in Section 2A, and therefore, the
points were also categorised into four groups, based on
their locations within these four zones. SpatialAnalyser
software was used to automate the measurement process
of the 16 surface points.

(E2) Measurement procedure using CMM

For the CMM measurements, the measurement
programme was written based on the automotive
manufacturer’s measurement plans, covering the stan-
dardmeasurement expectations of a production environ-
ment. The alignment programme was created using the
nominated reference spheres on the fixture and a ‘pad
and pin verification’ measurement programme was run
to confirm the positional checks against the supplier’s
measurement data before any part measurements were
carried out. Based on themeasurement results whichmet
the fixture design specifications as described above, the

RPS alignment was used tomanually align an initial local
coordinate systemwith the CMMcoordinate system, and
this was followed by two iterations in the autonomous
mode. Eighteen features were measured in accordance
with the clamping sequence. Similar to the LT measure-
ments, each virtual zone consisted of at least three fea-
tures. 18 features (10 holes, 5 slots and 3 planes) were
measured using the CMM. As the surface measurement
points were alreadymeasured using the LT, the additional
features were measured using the CMM. This minimised
duplication and significantly reduced the cycle time of the
experiment.

3. Measurement analysis

As mentioned in the previous section, 16 points were
measured using the Laser Tracker system.However, these
selected points did not have any nominal or reference
position. Therefore, only the repeatability (randomerror)
using standard deviation (SD) was calculated to eval-
uate the effect of different clamping sequences on LT
measurements.

On the other hand, 18 features (10 holes, 5 slots and 3
planes) weremeasured using the CMM. As these features
had reference/nominal positions, both (a) bias (i.e. mean
position) and (b) repeatability (random error) using SD
were calculated to compare the effect of the clamping
sequence on feature measurements.

The measured part geometry was virtually divided
into four regions (Figure 1a), and therefore, the points
and features were also categorised into four groups, based
on their locations in these four regions where each group
consisted of at least three points and three features. Each
feature was measured 30 times using each measurement
system for a particular clamping sequence. The X, Y and
Z axes of the position of each feature were captured and
were then used to calculate the aforementioned statistics.
Bias for each axis (BX , BY and BZ) was calculated using
Equation (1) where the reference value (CR) is consid-
ered as the nominal value, and thereafter, the total bias
was calculated using Equation (2)

BC = C̄ − CR where,C = X, Y , Z component

C̄ = 1
n

n∑
i=1

Ci = mean of the nmeasurements

CR = Reference value (1)

Bias =
√
B2X + B2Y + B2Z

where,BX , BY ,BZ are the X, Y, Z

component of Bias resepctively (2)
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The standard deviation (SD) was calculated for each axis
using Equation (3) and subsequently, the total SD was
calculated using Equation (4).

SDC =

√√√√√
n∑

i=1
(Ci − C̄)

2

n − 1
where,C = X, Y , Z component

C̄ = 1
n

n∑
i=1

Ci = mean of the nmeasurements (3)

SD =
√
SD2

X + SD2
Y + SD2

Z

where, SDX , SDY , SDZ are the X, Y, Z

component of SD resepctively (4)

In addition, theminimum tolerance (Tmin) (Equation (5))
associatedwith each featurewas calculated using the limit
value of Cg as 1.33 considering 8σ process capability.

Tmin = 1.33 ∗ 6 ∗ SD(
k
100

) = 1.33 ∗ 6 ∗ SD( 20
100

) = 39.90 ∗ SD

(5)
K is the percent of tolerance which was considered as
20%. Tmin was used to explore how changing the clamp-
ing sequence changed the decision of finding a feature
within a tolerance limit of 3mm (±1.5mm) which is a
typical value used for the automotive assembly process.

One-way ANOVA test was performed for each of the
LTP (for LT measurement) or features (CMM measure-
ment) to check whether the mean position of the LTP or
feature was significantly changed due to the change in a
clamping sequence. The mean position was defined by
three axes, and therefore, three one-way ANOVA tests
were performed for each LTP or feature.

4. Results

The measurement deviation (random error) between
measurements using LT and CMM was 2σ repeatabil-
ity of 25 and 13 μm, respectively. Figure 3 shows the
effect of the clamping sequence on the repeatability of the
measurement for 16 points which were measured using
the Laser Tracker. The points were categorised into four
groups based on their locations in the four regions as fol-
lows: (a) Zone 1: PT1 to PT3, (b) Zone 2: PT4 to PT6,
(c) Zone 3: PT7 to PT11 and (d) Zone 4: PT12 to PT16
(Figure 3). It was observed that X and Y position axes
of the points varied considerably in Zone 3 compared
to other clamping sequences. The repeatability of PT 15
was larger for the X and Z axes, for all the sequences.
However, when comparing the total SD (Figure 3d), all
the points were affected by clamping sequences. The

highest variability was observed for the OEM sequence,
and the least variable sequence was identified as SEQ 2
for all zones. Different axes (X, Y and Z) were affected
differently by a change in clamping sequences. In addi-
tion, due to the complex geometrical shape of the mea-
sured part, no variation pattern was detected from the
measurement results, obtained for different clamping
sequences.

The one-way ANOVA test showed that the mean X,
Y and Z axis positions were significantly changed at
p < 0.05% level due to the change in clamping sequence,
with the exception of the mean x-position of 5 points.

The SDof the points, whichwere in the same zone, was
added up for each position axis to explore the effect of the
clamping sequence on the four regions of the measured
part (Figure 4). It was recognised that Zones 1, 3 and
4 were majorly affected by the OEM clamping sequence
for the X and Z axes, whereas all the zones were mostly
affected by OEM for the Y axis. On the other hand, Zone
2 was affected mostly by SEQ 3 for the X and Z axes. The
SEQ 2 sequence had the least effect for all zones and all
axes. For total SD, the OEM sequence is the worst for all
regions, whereas SEQ 2 was the best. The data show that
the regions responded differently due to the change in the
clamping sequence. Also, the variability was different for
different position axes.

Figure 5 represents the effect of the clamping sequence
on the featuremeasurement using theCMMtouch probe.
There were a total of 18 features and they were cate-
gorised into four groups based on their location on the
measured part, as carried out for the Laser Tracker mea-
surement points as follows: (a) Zone 1: F1 to F6, (b) Zone
2: F7 to F10, (c) Zone 3: F11 to F14, and (d) Zone 4:
F15 to F18 (Figure 5). It was observed that the features
in any zone were most affected by the OEM sequence
for all axes, which was similar to the Laser Tracker point
measurement results. However, SEQ 2 was no longer the
best sequence as was observed for the Laser Tracker point
measurements. For example, SEQ 1 was better for the Y
axis and features in Zone 3, whereas SEQ 3 outperformed
others for the Z axis and features in Zone 4. Also, the
variation patterns were more random in the feature mea-
surements compared to the point measurements taken
with the Laser Tracker.

When comparing the measurement variation with
respect to regions, by adding the SD of the features within
the same zone, as performed for the Laser Tracker results,
it was observed that the variability in every zone and
each axis was largest for the OEM sequence, as shown in
Figure 6. For Zones 1 and 3, SEQ 2 produced less variabil-
ity for all axes compared to others (except zone 3 of the Y
axis). On the other hand, SEQ 3 generated less variability
in Zone 4 for Z and Zone 2 for X and Y. Overall, Zones
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Figure 3. Effect of the clamping sequence on measurement repeatability for 16 points measured using a Laser Tracker.

Figure 4. Effect of the clamping sequence on region-specific measurement repeatability, calculated by adding up SD of the points
located within the same region. These are obtained from the Laser Tracker measurement results.

1, 2, 3 and 4 were seldom affected by SEQ 2, 3, 1 and 2,
respectively which were completely random as opposed
to Laser Tracker results.

Three one-way ANOVA tests were performed for each
feature. It was observed that the mean X, Y and Z axis
positions were significantly changed at p < 0.05% level

due to the change in clamping sequence except for all
features.

The effect of the clamping sequence on measurement
bias was explored only for CMM measurement data
(Figure 7) as the nominal data for LTP was not available.
It was observed that the bias for the Y axis was quite high
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Figure 5. Effect of the clamping sequence on measurement repeatability for 18 features measured using a CMM touch probe.

Figure 6. Effect of the clamping sequence on region-specific measurement repeatability, which was calculated by adding up the SD of
the feature located within the same region. These are obtained from the CMM touch probe measurement results.

and not acceptable. This might be due to the assembled
part being used for measurement. Similar to the SD anal-
ysis, the features were classified into four groups based on
their locations in the four zones. SEQ 2 produced less bias
for all the features in Zones 2, 3 and 4 for the Y axis com-
pared to other sequences.However,OEMand SEQ1were

better for Zone 3 features. Overall, the bias was affected
less by SEQ 3 for Zone 2–4 whereas the OEM sequence
was better for Zone 1.

Figure 8 compares the minimum tolerances (Tmin)
that the measurement system would be capable of mea-
suring for a certain clamping sequence when the limit
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Figure 7. Effect of the clamping sequence on measurement bias for the 18 features measured using a CMM touch probe.

of Cg value was considered as 1.33, i.e. to maintain 8SD
(±4SD)measurement repeatability. The upper and lower
red dotted lines, which are parallel to the horizontal axis
of each subplot of Figure 6, depict the tolerance limit of
3mm (±1.5mm) and 0.6 (±0.3mm) respectively, which
are typical values used in automotive manufacturing for
assembly and part geometries, respectively (Kiraci et al.
2020). It was observed that 13 points out of 16 were
within the assembly tolerance limit whereas it was dras-
tically reduced to 10, 6 and 0 points when the clamping
sequencewas changed to SEQ1, 3 andOEM, respectively.
This means that the final decision from the measure-
ment will strongly depend on the clamping sequence. For
example, if the SEQ2 sequence was used, it was informed
that only 13 points were within tolerance. This decision
would drastically change if SEQ 3 was used instead, and
it was then concluded that only 6 points were within
tolerance. In the case of features, 8, 6, 8 and 0 features
were within assembly tolerance out of 18 features for SEQ
3, 1, 2 and OEM, respectively. There was no point or
feature which was below part tolerance for any of the
sequences.

5. Discussion

In this paper, an experimental study was performed to
examine the effect of clamping sequence for an inspection
fixture, on the dimensional variability of an automotive
bodyshell sub-assembly, using two separate measure-
ment systems. The novel and particularly interesting
aspects of this study were as follows:

(a) A detailed experimental study of the clamping
sequence was undertaken on a non-deal compli-
ant automotive sub-assembly and inspection fixture,
as opposed to performing a simulation-based study
using an idealised or nominal part.

(b) The experimental study was performed using two
accurate and calibrated measurement systems; a
laser tracker (LT) and a horizontal arm Coordinate
Measuring Machine (CMM) with a touch probe,
to explore the effect of the clamping sequence and
demonstrate their effect on different features of the
sub-assembly.

The CMM measurements were performed to capture
the position of critical features such as holes and slots,
whilst the LT was used to measure the deviation of sur-
face points. The use of different measurement systems
allowed a more comprehensive investigation of the effect
of clamping sequence on dimensional variably of differ-
ent points and features. This also enabled the elimination
of measurement system-related bias.

From themeasurement results, the following observa-
tions were made:

(a) The clamping sequence had a significant effect on
the dimensional variability of the part, and the vari-
ability existed in each of theX,Y andZ axes. The size
of variation for Zone 4 in this specific sub-assembly
was higher in theX andZ axes regardless of themea-
surement systems used. Similarly, variation for Zone
3 in the Y axis was greater for all different clamping
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Figure 8. Effect of clamping sequences on the minimum tolerances (Tmin) that the measurements system would be capable of
measuring when the limit of Cgk value was considered as 1.33 i.e. to maintain 8 SD (±4 SD) measurement repeatability.

sequences trialled. Both surface points and features
(holes and slots) varied in measurement by up to
500 μm across the different clamping sequences.

(b) The was no obvious correlation between the changes
to the clamping sequence, and the variation mea-
sured for the hole and slot features of the part.
Surface points did, however, show some correlation
with the clamping sequence, as might be expected,
given the proximity of the clamping points to the
edges of the part, around which many of the sur-
face points were defined. As a result of the clamp-
ing sequence, the measurement/inspection deci-
sions can be changed when considering typical tol-
erance values in automotive manufacturing.

(c) The variation in part geometry observed between
different clamping sequences was significant – up to
approx. 500 μm, or 1/3 of the tolerance assigned to
the majority of features. It is clear, therefore, that
the clamping sequence could quite easily be a key
factor in the measurement of a point of a feature
being considered within specification, or outside of
specification, for automotive bodyshell applications.

The vehicle manufacturer in question specified a
generic tolerance of ±1.5mm for this particular sub-
assembly. By considering the variation observed in this
study, the effect of the clamping sequence, in terms of the
dimensional variation of the sub-assembly, is significant

in terms of its influence on the measurement results,
and in particular for the bias of the Y axis (primary
datum) which had a higher variation than the other two
axes. Furthermore, the effect of the clamping sequence on
the position of the holes and slots (measured by CMM)
was greater than that of the surface points (measured by
LT). Inspection results will alter based on the clamping
sequence but there is no clear pattern identified. This is
due to the complex interaction amongst various clamping
forces, and their propagation through the intricate geo-
metrical structure of the measured sub-assembly. This
study has, however, highlighted that the measurement
results for the same workpiece could be considerably dif-
ferent depending on the clamping sequence selected, and
as a direct result, certain features might be reported as
within tolerance for one clamping sequence, but outside
of tolerance for a different clamping sequence. Conse-
quently, these errors induced by the clamping process,
and their repeatability (or lack-of) could significantly
contribute to the build-up of dimensional errors in the
overall assembly, and poor fit and function of the final
part. This paper highlights the potential influence of
the inspection fixture clamping sequence on measure-
ment results for a typical automotive sheet metal sub-
assembly. It demonstrated that even though the clamps
exert less force than would be the case for an assembly
fixture, they can still influence the measurement results
to a level that cannot be considered insignificant. In the
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sample workpiece used in this study, dimensional varia-
tion due to clamping effects was up to 1/3 of the allowable
tolerance.

The experimental results showed features being
‘within tolerance’ for certain clamping sequences and
‘out of tolerance’ for others. ISO 14253-1 (2017) requires
that uncertainty must be taken into account when
proving conformance. There are two options here: (i)
using the stringent acceptance zone to reduce the risk.
The expanded measurement uncertainty (U) must be
deducted from the specifications as defined by the
stringent acceptance zone (ii) having a relaxed accep-
tance zone where all measurements falling within the
uncertainty added to the tolerance limits are consid-
ered acceptable. Obviously, the first option increases
the manufacturer’s costs as the rejection rate increases,
whereas option (ii) decreases the cost to the manufac-
turer but increases the risk to the customer. The study
clearly demonstrated that the measurement uncertainty
increased due to the variation in the clamping sequences.
Therefore, it would further decrease the ‘stringent con-
formance zone’ that would increase the manufacturers’
cost, whereas the ‘relaxed conformance zone’ would be
expanded to increase the risk to the customer. It is,
therefore, critical to investigate further the effect of the
clamping sequence, and how to mitigate the problems by
introducing guidelines forMSAor developing simulation
tools for optimal layout selection.

This paper also provides a quantitative understanding
of the complex nature of fixture clamping sequence, part
deformation and dimensional variability. Although sim-
ulation techniques are playing a growing role in exploit-
ing the potential of a new fixture design, the effect of
clamping and its sequence of application can, to a cer-
tain extent, be predicted and improved through the use of
simulation tools, but not eliminated. With all simulation
work requiring some form of verification, it is impor-
tant that physical studies, such as this one, are carried out
to both improve engineers’ understanding of the poten-
tially significant effect of fixture clamps and the sequence
in which they are applied, and to further improve
the accuracy and validity of the simulation of these
effects.

Finally, it is important that the outcomes of such stud-
ies are communicated back into not only the manufac-
turing functions of a business (where mitigating actions
can be taken), but also into the design, so that lessons
can be learnt and improvementsmade for future products
and their associated fixturing solutions. It is now evident
from this study that not only the clamping layout but
also the clamping sequence can influence measurement
decisions. Therefore, the clamping sequence should be an
integral part of any measurement capability assessment.

However, additional research should be carried out to
develop guidelines for including clamping sequences in
an MSA study.

The aim of this study was to identify and compare
variations in deviation resulting from different clamp-
ing sequences. At the time of writing, simulation studies
in the literature that investigate the effect of inspection
clamping sequence on real-world parts are limited. The
study showed the importance of clamping sequence on
measurement decision-making, but there are still a num-
ber of unanswered questions that the authors will seek to
investigate in future research. The combination of physi-
cal experiments and simulations to improve understand-
ing of the entire process, and subsequently predict an
optimal fixturing strategy for any given part or assembly,
is a long-term goal. Clearly carrying out a study such as
this one, for every automotive sub-assembly is not viable,
so reliable, verified simulation tools will be critical for
OEMs to optimise their inspection processes.

The consideration of different, multi-material parts
and assemblies will also be important in a growing num-
ber of applications (automotive and beyond). As com-
posites and different grades of steel and aluminium are
used and combined, the effects of clamp position and
sequence will vary, and will again need further physical
verification.

6. Conclusion

In this paper, the effects of the clamping sequence on
measurement results were investigated for a particular
clamping layout of a given industrial inspection fix-
ture and a representative manufactured automotive sub-
assembly. It was identified that the clamping sequence
had a significant effect on the measurement results and
these variations were not consistent across the sub-
assembly due to the complex interaction of clamping
forces with intricate part geometry. Consequently, the
decision of whether a feature or surface point is within
tolerance is affected by the clamping sequence, and
designing the clamping layout alone is, therefore, not
sufficient in terms of the level of design detail needed.
A clamping layout with part-specific clamping sequence
should be designed, even for inspection fixtures.
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