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Product Assembly Systems

The present invention is related to a method and system of assembly of
manufactured products, and more specifically, although not exclusively, to
methods/systems for controlling or implementing assembly processes.

A large proportion of rejected manufactured products are related to geometric or
dimensional variation in the product, arising from fixtures and tools used in the
manufacturing process. Additionally, a large proportion of design changes are
related to dimensional variation of the parts to be used in assembly of the product.
For example, during the design of a single closure panel fixture around a hundred
engineering changes may be required to be made after design release. These
changes can include adding new design features, moving or changing fixture
locators, or modifying part flanges, etc. For each of these changes the fixture
design has to be revised, verified and validated and finally the design needs to be

updated.

Variations in products arising from process-related and product-related variations

is a critical barrier to the delivery of high quality products.

Known methods of predicting the variation propagation and improving the quality
performances of an assembly process focus on dimensional management of a
rigid assembly, whereas other methods address the problem of parts deforming
during the assembly process. Existing commercial tools for Variation Simulation
Analysis are limited to rigid part or assembly simulation, or single part variation.
That is to say, existing techniques make assumptions to limit the scope of the
problem being analysed, i.e. by limiting the degrees of freedom or the
dimensionality of the problem at hand.

Simulation tools embedding Finite Element Analysis modules only consider
localised dimensional deviations. Part variation is simulated based on univariate
assumption: the part error distribution of a manufactured part is generated by
applying a set of independent deviations on the nominal model. However, this may
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lead to erroneous part characterisation. Moreover, fixture constraints (in terms of
locator layout and clamp tools) are often limited to mesh vertex locations (vertex-
based approach). Two drawbacks are here identified: (i) the mesh model should
be made consistent with the prescribed location of fixture points, which might lead
to distorted mesh elements affecting the accuracy of simulation results; (ii) the
vertex-based constraint approach makes some difficulties when solving the
problem of the optimum locator position.

In fact, the optimization algorithms can localize fixtures at any continuous position
over the geometric space, but the mesh model only has defined some discrete
position over the part surface. Therefore, a re-meshing algorithm is necessary to
redefine the nodes so that the fixtures can be located in the model. However, this
approach is time consuming especially when significant numbers, e.g. hundreds or
thousands of simulations, may be required to reach the optimum solution.

It may be considered an object of the invention to provide a system or method that
can accommodate part variation with reduced impact on the quality of assembled
goods. It may be considered an additional or alternative object of the invention to
provide a method and system of product assembly that reduces the number of

engineering changes required after a product has been designed.

According to an aspect of the invention there is provided a method of
implementing a product assembly process for product manufacture comprising
measuring a geometric profile of a part, calculating variation in the measured
profile of the part from a nominal profile of the part, determining locations of
physical constraints on the measured profile caused by a member adjacent to the
part during the assembly process, identifying a set of control parameters that
characterise a control scheme, wherein a nominal control scheme for assembly of
the nominal profile of the part comprises a set of nominal control parameters,
generating a variation response function based on the calculated variation and
locations of physical constraints, and modifying the set of nominal control
parameters so as to output a modified set of control parameters based on the

variation response function.
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The invention may thus allow use of the modified set of control parameters to
control product assembly. The method may comprise a method of initialisation of a
product assembly process, for example in which the product assembly process is
initiated, or a product assembly control scheme implemented, based on the

modified control parameter values.

According to another aspect of the invention there is provided a system for
implementing an assembly process for product manufacture comprising a scanner
for measuring a geometric profile of a part, a comparator for calculating variation in
the measured profile of the part from a nominal profile of the part and for
determining locations of physical constraints on the measured profile caused by a
member adjacent to the part during the assembly process, an evaluator for
identifying a set of control parameters that characterise a control scheme, wherein
a nominal control scheme for assembly of the nominal profile of the part comprises
a set of nominal control parameters, the evaluator arranged to generate a variation
response function, and an assembly process modifier for modifying the set of
control parameter values away from the nominal control parameters based on the

variation response function.

The part may be a three-dimensional part. The part may comprise a plurality of
surface portions at different angular orientations, such as for example straight
and/or curved surface portions. The part may comprise a complex and/or
convoluted surface. The part may comprise a sheet material, e.g. metal, part.

The adjacent member may comprise a fixture or adjacent part in the assembly.

The fixture may comprise a clamp, support, abutment or the like.

A set of part/product characteristics and control characteristics may characterise
an assembly process.

A set of part/product characteristics may comprise geometric
features/characteristics. Each part/product characteristic may comprise any or any
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combination of a location, size/dimension and/or orientation of a geometric feature
of the part. The part/product characteristics may include part features, such as

openings, slots, recesses, projections, wall thickness, edge features or the like.

It is beneficial for the part/product characteristics to be controlled within design
specifications in order to ensure that the assembled product meets
functional/geometric design requirements. The control characteristics may be

designed to satisty the product characteristics.

Each product characteristic may have a tolerance range or threshold associated
therewith, e.g. defining an acceptable range of deviation from a nominal

characteristic value.

The nominal profile may be comprised in a nominal profile model for the part. The
nominal model may comprise a geometric definition of the nominal profile and one
or more design constraint. Design constraints may comprise the tolerance
range(s) for any, any combination, or all, of the product characteristics of the
nominal profile. Additionally or alternatively, design constraints may comprise
limits or thresholds on any part parameter, such as an engineering parameter.
Examples may include part dimensions, envelope, wall thickness, weight

distribution, feature location or the like.

A subset of the product characteristics or the control characteristics may
correspond to final product characteristics or control characteristics being
delivered during a design stage of product manufacture. This subset may

correspond to a final set of parameters delivered by a design process.

A set of design constraints may act on a specific task. Design constraints may
include model accuracy/tolerance, computational time and/or technological

constraints.

A design task may link product characteristics to control characteristics, and may
take into consideration design constraints. A design task may link generic
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characteristics to generic control characteristics/parameters. A design task may
deliver modified/refined sets of product characteristics and/or control
characteristics, or a subset thereof. For example, for a remote laser welding
joining process, it may be intended to design and/or optimise a joint layout (a
product characteristic) for a given clamp layout (a control characteristic) and initial
joint layout as per designer experience. As another example, it may be intended
to optimise clamp layout and joint quality simultaneously in a remote laser welding

assembly process.

The design task may comprise a mathematical relationship defining the control
parameters in dependence upon the product characteristics, e.g. as a feed-
forward analysis. A feed-back analysis may be used to re-define the product
characteristics according to the modified/refined control characteristics or

parameters.

The variation response function may include a part variation mechanistic model,
which may include part compliancy. The variation response function may include
a part-to-part interaction model. The variation response function may include an
adjacent member, e.g. fixture or tooling, mechanistic model. The variation
response function may include a part to fixture interaction model and/or a fixture to

joint interaction model.

A physical constraint on the part profile due to the adjacent member may limit the
available variation of the part at the location of the physical constraint.

The variation response function may be a multi-dimensional function, and may

represent single or multiple product characteristics and/or control characteristics.

The nominal part profile may be provided as CAD data, e.g. providing product
specifications. The nominal part profile may comprise one or more join/assembly
location and or dimension, such as a joint length and/or spacing. The nominal part
profile may include a join/weld stitch pattern and/or material stack up
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specifications. Product specifications of the nominal part profile may correspond

to refined product characteristics, e.g. as refined by the design task.

The nominal control scheme may be provided from CAD data, providing process
specifications. The nominal control scheme may include locator strategy, clamp
location and/or number of clamps. Process specifications may correspond to
refined control characteristics, e.g. as refined by the design task.

Measuring a geometric profile of a part may comprise measuring a set of points on
the product through a Coordinate Measurement Machine devices or an optical

scanner. A non-contact profile measuring device may be used.

Calculating variation of the profile of the part from a nominal profile of the part may
comprise implementation of a part variation modeller. The part variation modeller
may parametrise part error deviation by a limited set of main
orthogonal/independent modes. The part error deviation may be the composition
of size, orientation, position and/or shape errors.

Determining the locations of physical constraints on the profile of the part caused
by an adjacent member during the assembly process may comprise
implementation of a fixture modeller. The fixture modeller may provide libraries for
simulating fixture constraints. The fixture modeller may account for flexibility of
parts. The adjacent member may be a clamping tool or pin/slot locator. The
fixture modeller may model part-to-part interaction by imposing constraints at a
part-to-part interface to avoid part-to-part penetrations. It is beneficial to model
part-to-part interaction in some specific joining processes, for example in remote
laser welding, it is advantageous to simulate the part fitting in order to evaluate the
part-to-part gap, which may strongly affect the overall quality of the joint.

The part variation modeller and fixture modeller may simulate an assembly joining
process for a given set of product characteristics and/or control characteristics.
For example, for a remote laser welding joining process, it may be demanded to
analyse the effect of part variation on part-to-part gap for a given clamp/tool layout.
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The nominal profile of the part may be represented by a mesh. The mesh may be
represented as a set of vertices connected by quadrilateral elements or triangular
elements. Surface deviations may be calculated for every vertex of the mesh.
Mapping a deviation field on nominal mesh geometry may provide a 3D
representation of a part. A deviation at a given point may be a linear composition
of the part error deviation and the elastic displacement due to part flexibility. The
part variation modeller may determine the part error deviation at a vertex, whereas
the fixture model may calculate the deviation component related to part flexibility
due to forces or displacements induced by clamps and/or tools.

The deviation field may be separated into a set of orthogonal and independent
deformation modes. Part error deviation may be obtained as a linear combination
of a set of deformation modes. Deformation modes may be calculated by

decomposing the deviation field. Discrete Cosine Transform may be used.

Calculation of the deformation modes may comprise calculating the deviation for
every vertex of the nominal mesh geometry and enveloping the nominal mesh
geometry into a 3D regular voxel grid, wherein for each voxel containing a mesh
vertex, the related deviation is stored in. A laplacian smoothing operation may be
applied to smooth the voxel model and make a continuous data field. The
laplacian smoothing operation may assign meaningful value in empty voxel
elements, keeping the original deviation as internal boundary conditions. Most
significant modes may be extracted. The most significant modes may be
extracted using an energy compaction criterion, wherein each deformation mode is
parametrised by means of its related Discrete Cosine Transform coefficient, and
the related weight, which may correspond to a magnitude of the deformation

mode.

The fixture modeller may evaluate elastic displacement due to part flexibility, when
parts are loaded and clamped onto a fixture. The elastic displacement may be
modelled based on a Finite Element Analysis formulation. Triangular and
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quadrilateral elements may be modelled as shell elements, having membrane and

bending behaviour.

For an isotropic material, the shell elements may be separated into a membrane
element (in-plane) and a plate bending part (out-of-plane). In-plane and out-of-
plane behaviours may be decoupled, however, may become dependent for non-

planar quadrilateral elements.

Fixtures and tools may be treated as boundary constraints to be applied on a
nominal or non-ideal part geometry. Bilateral constraints may define bilateral
restraining conditions, which may be suitable for modelling pin/hole or pin/slot
locator layouts. Unilateral constraints may be used to model clamp tools or resting

locators.

The fixture modeller may evaluate contact pairs. This may be useful for avoiding
part-to-part penetration during assembly loading, fasting or part re-positioning.

Generating the variation response function may comprise evaluating input
parameters of product characteristics and/or control characteristics and refined
parameters of product characteristics and/or control characteristics, as output by
the part generation modeller and fixture modeller. An adaptive technique may be
utilised to refine the generated variation response function. For example, Lipschitz
adaptive sampling may be used to add sample points where derivatives exhibit

highest variations.

Modifying the set of control parameter values away from the nominal control
parameters based on the variation response function may comprise feed-back
synthesis. Feed-back synthesis may comprise assigning a set of product
characteristics and control characteristics, and evaluating a refined set of product
characteristics and control characteristics subject to design constraints. Feed-
back synthesis may comprise repeating assigning a set of product characteristics
and control characteristics and evaluating a refined set of product characteristics
and control characteristics until reaching a required level of convergence of the
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solution. The assigned set of product characteristics and control characteristics

may be assigned by a design synthesis process, for example a process optimiser.

The method of implementing an assembly process for product manufacture may
comprise feed-forward analysis. Feed forward analysis may comprise assigning a
set of product characteristics and control characteristics, and evaluating a refined
set of product characteristics and control characteristics. The refined set of
product characteristics and control characteristics may be generated by applying
the variation response function to the assigned set of product characteristics and
control characteristics.

According to a further aspect of the invention, there is provided a data carrier
comprising machine readable instructions for operation of one or more processor
to modify product assembly control scheme by: reading a geometric profile of a
measured part for assembly in the product; calculating variation in the measured
geometric profile of the part from a nominal profile of the part; determining
locations of physical constraints on the measured profile due to one or more
member adjacent to the part during the assembly process; identifying a set of
control parameters that characterise a product assembly control scheme, wherein
a nominal control scheme for assembly of the nominal profile of the part comprises
a set of nominal control parameters; generating a variation response function
based on the calculated variation and the locations of physical constraints; and,
modifying the set of nominal control parameters so as to output a modified set of

control parameters based on the variation response function.

Any of the optional features described in relation to any one aspect of the
invention may be applied to any other aspect of the invention wherever
practicable.

Practicable embodiments of the invention are described in further detail below,

with reference to the accompanying drawings, of which:
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Figure 1 shows an overview of stages performed according to an example of a

method according to the invention;

Figure 2 shows three types of design task according to an example of the

invention;

Figure 3 shows an overview of the main processes involved in a method/system

for calculating deformation modes, according to an example of the invention;

Figure 4 shows a bilateral constraint model, according to an example of the

invention.

Figure 5 shows a unilateral constrain model, according to an example of the

invention

Figure 6 shows a part-to-part interaction model, according to an example of the

invention;

Figure 7 shows the steps for developing the variation response function, according

to an example of the invention;

Figure 8a shows examples of product characteristics, and Figure 8b shows
examples of control characteristics, for a common product manufactured through

implementation of the assembly process according to an example of the invention.

The invention is particularly concerned with the assembly of a product from
component parts, including the joining of parts together to form the larger product,
e.g. by welding or other joining methods. Laser welding is one such process that
requires tight control of the relative positioning of adjacent parts to perform a weld.
If the parts are separated by too great a gap during laser welding, then the
resulting joint will be ineffective. Thus it has been found that a significant barrier to
the adoption of laser welding techniques in large scale manufacture of products,
e.g. in automotive, aerospace amongst other industries, is the ability to
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accommodate variations in parts to be welded together. Whilst the invention was
developed to address this particular technical problem, the resulting invention may
be more broadly applicable to the assembly of parts, at least one of which has a
three-dimensional and/or complex surface profile.

Figure 1 shows the proposed methodology for assembly process simulation of
compliant non-ideal parts. The main inputs are:

(i) a nominal product model 10 comprising CAD data , providing a nominal product
specification (e.g. including a weld stitch pattern, material stack-up) and
associated nominal process (e.g. including locator strategy, clamp location,
number of clamps) specifications; and,

(i) measurement data 12 (e.g. comprising inspection quality reports of the
product/process). The dimensional quality of the product is assessed by
measuring a set of points through conventional CMM (Coordinate Measurement

Machine) devices or optical scanners.

In addition to the geometric/CAD model definition of the surface of one or more
parts in the product, the model 10 comprises the weld/joint locations and
dimensions as well as the position(s) on each part where the part is to be held
during a joining or other assembly process.

Measured profile data for a batch of parts may be captured in-line or off-line,
depending on the cycle time of the process and the production volume. Each part
is scanned individually so as to captured profile data for a plurality of parts
representative of a batch, either by scanning a single batch or scanning a
selection of parts from different batches. CAD specifications 10 and
measurements 12 are then used to develop the physics-based model 14 (STEP |
of Figure 1) necessary to characterise the assembly joining process. The physics-
based model 14 is made of two main modules: (i) part variation modeller 16; and
(if) fixture modeller 18.

Analytical variation response functions 20 (STEP Il of Figure 1) are calculated by
iteratively re-calling the physics-based model 14. Usually, few hundreds of
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iterations are sufficient to develop an accurate analytical model within the
accuracy and time constraints set by the designer. Lastly, feed-forward analysis
and/or feed-back synthesis 22 (STEP Il of Figure 1) is performed.

Key product characteristics and key control characteristics are assigned to an
assembly process. The set of key product characteristics, KPCs, and the set of
key control characteristics KCCs are grouped as in equation (1a) and (1b), where
Nkpc and Nkcc are the number of key product characteristics and key control

characteristics respectively:

KPCs = {KPC,, ..., KPCy,,.} (1a)
KCCs = {KCCy, ..., KCCy, ..} (1b)

A subset of KPCs or KCCscorresponds to final key product characteristics, KPCy,
or key control characteristics, KCCy, that are delivered during the design stage.
The final key product characteristics or key control characteristics correspond to

the final set of parameters delivered by the design process.

KPC; = {KPCs, ..., KPCry,pc} S KPCs (2a)
KCCr = {KCCpy, ..., KCCrpyppo} S KCCs (2b)

A set of design constraints, DCs, act on a specific task. The set of design
constraints are grouped as in equation (3), where Npc is the number of design

constraints.
DCs = {DC,, ..., DCy, .} (3)

For the assembly process, the set of design tasks, DTs, are represented in
equation (4), where Npris the number of design tasks. Each design task links
generic/nominal key product characteristics to generic/nominal key control
characteristics, taking the design constraints into consideration, and delivers
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refined key product characteristics or key control characteristics depending on the

specific analysis and/or synthesis.
DTs = {DTy, ..., DTy} (4)

Figure 2 shows three types of design tasks, (i) Type-I24; (ii) Type-I 26; and (iii)
Type-Ill 28. Superscript "r" relates to the subset of KPCs or KCCs refined by the
design task, whereas subscript "T,k" indicates the subset of KPCsor KCCsrelated
to given k-th task. The mathematical representation is shown in equation (5),
where Fgis the k-th design task function (or variation response function).

Type I: KPCL, = Fy(KPCr, KCCr )
Type Il: KCCE . = Fy(KPCry, KCCr )

KPCL,
KCCrp,

Type Ill } = Fo(KPCry, KCCry)

KPCrye = {KPCrp, o KPCringpe, } S KPCs (5a)

KCCT,k = KCCT,k,]_; neny KCCT'k'NKCC g KCCS
Tk

Subject to

DCT,k = {DCT,k,l’ ey DCT'k'NKPCT’k} g DCS

Type [ design tasks 24 generate a refined subset of key product characteristics;
Type Il design tasks 26 generate a refined subset of key control characteristics;
Type Il design tasks 28 refer to scenarios when both subsets of key product
characteristics and key control characteristics are refined through design analysis

and/or optimisation.

The variation response function, Fg, is generalised as a multi-dimensional function,
wherever representing single or multiple key product characteristics, and/or key
control characteristics:
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Fk = {Fk,ll ey Fk,Np} (5b)

As shown in Figure 3, the nominal part geometry 30 (of the nominal CAD product)
is discretised by identification of a plurality of points 32 over the nominal part
surface, each being linked to a plurality of adjacent points so as to define a mesh
structure. Each point 32 therefore represents a vertex of the mesh structure. A
structured quadrilateral mesh is used in this example although an alternative
polygonal mesh could otherwise be considered.

Using mesh representation, discrete surface representation (i.e., discrete laplacian
operator and normal vector field) can be utilised, (surface deviations can be
calculated for every vertex of the mesh and deformation patterns can be easily
incorporated. A generic mesh is represented as a set of vertices connected by

quadrilateral (4-vertex elements) or triangular (3-vertex element) elements.

The measured point data for a non-ideal part is also shown in Figure 3 and
comprises a cloud of measured points 36 such that the actual surface 34 of the
measured part can be considered to represent a best fit surface through the
measured points. Thus the measured surface 34 is captured and can be
compared to the discretized nominal CAD model surface for the part.

In order to provide a standard technique for quantifying the deviation of the
measured surface 34 from the nominal surface profile 30, a three dimensional
voxel structure 38 is defined which encloses the entire nominal surface. The
adjoining voxels in the voxel structure 38 thus define a three dimensional
reference structure for which deviations of the measured surface from the nominal
surface can be calculated. The deviation in each voxel may be calculated in a
direction normal to the nominal surface 34, e.g. at each mesh point 32.
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A non-ideal part can thus be generated by mapping the deviation field on the
nominal CAD product. The representation of a 3D non-ideal part, S, is obtained by

mapping the deviation field on the nominal mesh geometry:

S=S,+U, +Us (6)

Snis the nominal 3D mesh geometry as per the CAD model. The deviation field, U,
is the linear composition of the part error deviation, Ue, and the elastic
displacement, Uy, due to part flexibility (for instance, U = Ue + Uy). Modelling of both
the part error (e.g. due to manufacturing tolerances, and also the elastic
displacement due to the flexibility of the part has been found to be particularly
beneficial for certain types of components that are prone to displacement, such as
sheet metal parts.

The deviation field is made of three translations (T, Ty, Tz) and three rotations (Rx,
Ry, Rz). For example, Ug 1xrepresents translation component along X of the part

error deviation.

U™ is the deviation at a given point, P", belonging to the nominal mesh geometry.
The U™ vector can be decomposed in terms of primary vertex solutions, U,
recalling the shape functions, N;, as reported in equation (7). The couple (Em, Nm )
defines the natural coordinates of the projected point, P™. The deviation U™ is the
linear composition of the part error deviation, U™, and the elastic displacement
due to part flexibility, U™ Equation (7) allows one to interpolate the deviation field
at any point, P", belonging to the 3D mesh geometry, for a given vertex solution
(Ue and U).

The main goal of the part variation modeller 16 is to determine the part error
deviation at vertex level, Ue, whereas the fixture modeller 18 calculates the
deviation component related to part flexibility U's, due to forces/displacements
induced by clamps and/or tools. That is to say a clamp point represents a fixed

reference point on the nominal and measured surface when the part is clamped
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such that free flexibility/deformation of the part is only permitted between

clamp/fixture points.

Ut = UL+ Uf
um=Ur+ U

3,3 — vertex elements

Ny 1 _
U™ = 232y NiCm i) - U, Ny = {4, 4 — pertex elements (7)

Small deviation field is assumed. This is in accordance with the tolerance
specifications of product/process where small deviations are usually considered.
This implies also that the stiffness matrix is constant and not changing due to part
deformation. Linear isotropic material is assumed in this example to capture the
mechanical behaviour of the sheet-metal parts during the assembly operation.

Part thickness is considered constant.

Ditferent types of clamp, support or fixture may be modelled according to the
degrees of freedom each allows in the supported part. Pins are represented as
frictionless point contacts with removed degrees of constraint. Clamps and support
blocks are frictionless surface contacts and are assumed as rigid bodies.

The part variation modeller 16 allows the part error deviation to be parameterised
by a limited set of main orthogonal/independent modes (also called deformation
patterns). The part error deviation is usually the composition of size, orientation,
position and shape (or form) errors. Thus different types of part profile error can be
categorised according to the identified parameters and logged as a common or

reoccurring type of form error between different measured parts.

U'ns represents the deviation of the measured part (as manufactured) with respect
to the nominal product, calculated along the normal vector of the nominal surface.
The Uins field is decomposed into a set of orthogonal and independent

deformation modes. The part error deviation, U, is obtained as linear combination

of a set of deformation modes, C.
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Co={Cop, - Con,}

Ne¢
L _ .
Ue - zwi Ce,i
i=1

Cei and w; are the i-th deformation mode and the corresponding weight,
respectively. Examples of different deformation modes 40, 42 and 44 are shown
in Figure 3. Deformation modes are calculated by decomposing the Uns field.
Discrete Cosine Transform (DCT) is used, however a number of other discrete
transformations may be used, for example Fourier transform, sine transform or

wavelet.

Based on the above techniques, Figure 3 shows a four-step procedure for
calculating the deformation modes. Firstly, the Uins field is calculated for every
vertex of the nominal mesh geometry. Secondly, the nominal mesh model is
enveloped into a 3D regular voxel grid. For each voxel containing a mesh vertex,
the related deviation is stored.

After the voxelisation process, it may happen that some voxels do not contain
mesh vertex deviation and remain as empty. This implies a non-continuous voxel
deviation field. Since DCT attempts to fit a set of continuous cosine function to the
given data field, as soon as non-continuities are detected, a large number of
undesired fitting modes is generated. This result is no longer acceptable because
the main deformation modes cannot be distinguished from the others. Thirdly, in
order to smooth the voxel model and make a continuous data field, a laplacian
smoothing is applied to assign meaningful value in the empty voxel elements
keeping the original deviation as internal boundary constraints. Finally, the most
significant modes are extracted using, for example, the energy compaction
criterion. Each deformation mode is parameterised by means of its related DCT
coefficient, Cej, and the related weight, wi, which corresponds to the magnitude of

the deformation mode.
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The fixture modeller 18 provides libraries for simulating fixture constraints.
Fixtures and tools are designed to determine the location of a part or subassembly
and to keep the effect of the location. Principal locators impose the location
whereas clamps keep such constraints. Fixture constraints include bilateral
constraints, which act simultaneously as locators and clamps, and unilateral

constraints which only give support to each part.

The fixture modeller 18 also accounts for flexibility of parts, and models dedicated
features such as clamping tools or pin/slot locators. The part-to-part interaction is
handled by imposing additional constraints at part-to-part interface to avoid part-to-
part penetrations

The fixture modeller 18 aims to evaluate the elastic displacement, U’, due to part
flexibility when parts are loaded and clamped on the fixture. The elastic
displacement is modelled based on a FEM formulation. Triangular and
quadrilateral elements are modelled as shell elements, having membrane and
bending behaviour. For isotropic material the shell element can be separated into
a membrane element (in-plane) and a plate bending (out-of-plane) part. Fixture
and tools are treated as boundary constraints to be applied on the nominal or non-
ideal part geometry.

Figure 4 shows the bilateral constraints model. Bilateral constraints define
bilateral restraining conditions suitable for modelling pin/hole or pin/slot locator
layouts. In Figure 4, Pc is the location of the constraint and N is the direction of
the constraint.

N, - U = U, (9a)

U™ris the displacement field at the projection point Pcp, whereas Uo is the

imposed displacement by the constraint.
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Unilateral constraints are used to model clamp tools or resting locators. The
unilateral constraints model is shown in Figure 5, in which P is the location of the
constraint and N is the direction of the constraint.

{ginif = (Pop — )+ N —of fset (9b)

Ginit T NC'U]Zn =0

ginit is the initial distance between the clamp location and the mesh model and
offset is a user parameter for additional initial gap. The oriented distance between
the unilateral constraint and the mesh geometry has to be greater or equal to zero.
The unilateral constraint formulation can be extended from point-based to surface-
based. The foot-print of the unilateral constraint is modelled as a rectangular flat
surface whose orientation is defined by the user vector N;. The size of that
rectangle is given by the user parameters A and B, as shown in Figure 5.

Figure 6 shows the part-to-part interaction model. Contact pairs play a
predominant role to avoid part-to-part penetration during the assembly loading,
fasting or part re-positioning. The part-to-part interaction model is based on two
main assumptions: (i) the stiffness matrix is constant during the contact iterative
solution, and (ii) the points which are candidate to come in contact are computed
once on the un-deformed model. The second assumption indicates that all the
contact pairs are identified in a preliminary stage: that is, they would not change
during the contact iterations. Under the small displacement hypothesis the
variation of the normal vector can be neglected. Moreover, the model considers
frictionless contact, involving only the normal displacement components. The
displacements of all potential points belonging to the slave part are constrained to
those of the master part as in the following equation:

{ginit = (Pg — mez) N, —offset
Ginit + Nc ) (U;'Sl - U}n) >0
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U}"Sl and U™ are the displacements of the slave vertex Ps and the projection on

master part, Pma, respectively. The user input offset defines the additional initial

distance between the slave and the master parts.

The physics-based model 14 has the capability to simulate the assembly joining
process for a given set of key product characteristics or and/or key control

characteristics, such as joint location, clamp location or number of locators. This
implies that the input KPCrxand/or KCCrxare refined to KPC'r.x and/or KCC'7.

Figure 7 shows a flowchart for obtaining a variation response function, which is
Step Il of Figure 2. Input parameters (KPCrx and/or KCCrx) are initially sampled
(STEP 1 of Figure 7) using, for example, uniform or random sampling. Then, the
physics-based modeller (STEP 2 of Figure 7) calculates the corresponding output
refined values (KPC'tx and/or KCC'7).

The variation response function (STEP 3 of Figure 7) is built using the generated
dataset (Nsis the number of sampled points and the notation | " denotes the i-th
sampled key product characteristic and/or key control characteristic). A suitable
fitting techniques, such as polynomial, Spline, MARS or Kriging fitting can be
utilised for this purpose.

Lastly, an adaptive technique (STEP 4 of Figure 7) is utilised to refine the
prediction of the variation response function (i.e, Fk). For example, Lipschitz
adaptive sampling is a technique to add sample points where the derivatives
exhibit the highest variations.

Using the variation response functions, feed-forward analysis and/or feed-back

synthesis is performed.

In feed forward analysis, a set of key product characteristics and key control
characteristics are assigned by the designer, denoted by the superscript “*”:
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KPC;, € KPCy; KCCiy € KCC,
Vk = 1,...,NDT

Refined key product characteristics and key control characteristics are evaluated:

Type I: KPCJ = F(KPCy . KPCE )
Type II: KCC} . = F(KPCy, KPCy )

KPCT. * "
Type Il chg:} = F(KPC; 1, KPC7 )
A4 k = 1, . ,NDT

In feed-back synthesis, design constrains are introduced. In the first step,
particular instances of key product characteristics and key control characteristics,
i.e. KPC*rxor KCC*rk, are assigned by the design synthesis process, for example

the process optimiser:

KPC;, € KPCy; KCCiy € KCC,
Vk = 1,...,NDT

In the second step, the refined key product characteristics and key control
characteristics are evaluated, subject to design constraints:

Type I: KPCJ . = F(KPCy. 1, KPCE )
Type II: KCC} . = F(KPCy, KPCy )

KPCT. * "
Type Il chg:} = F(KPC; 1, KPC7 )
subject to DCr = {DCr, ., DCricnpe, | € DCs
A4 k = 1, . ,NDT

The first and second steps are then repeated until a satistactory level of
convergence of the solution is reached.
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The method may be implemented using MatLAB software, e.g. integrating MEX-

C++ routines.

Figures 8a and 8b shows an example of the methodology of the invention
implemented in automotive door assembly. Figure 8a shows the refined key
product characteristics, and Figure 8b shows the key control characteristics. In
this case, a design constraint is that the part-to-part gap between mating parts
should be between 0.05 and 0.35 mm to ensure a required joining quality. The
maximum gap size is directly controlled by properly locating the clamps with
respect to laser stitches to compensate for part variation error. It is required to
identify the optimum clamp layout ({KCCr,1.1, ..., KCCr,1,65}) such that the gap for
all stitches ({KCCr.1,1, ..., KCCr,1,71}) is within the required range of 0.05 to 0.35
mm. In this example, the design task is formulated as follows:

KPCL, 1 = Fi1({KPCr 4, s KPCry 20}, {KCCr 1 65, o, KCCr 1 65})
KPCh11 = Fio,({KPCr 4, .. KPCr 20}, {KCCr 165, ... KCCr 1 65})

KPCL 171 = Fy71({KPCr11) e, KPCr 1,20}, {KCCr 165, .., KCCr.1 65})
min(F; ;) vi=1,..,71
subject to:
DC;: KPCh,; < 0.35
DC;: KPCh,; = 0.05
{KPC} 4, ..., KPC] ,, } refers to part-to-part gap for stitches 1 to 71
{KPCr14, ..., KPCr 140} refers to part variation error (in a 20-part measurement)

{KCCr 145, ..., KCCr 1 65} refers to clamp location for clamps 1 to 65.

DC;yis the maximum gap requirement and DC:is the minimum gap requirement.
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The steps indicated in Figure 1 are then carried out to determine an optimum
clamp layout: a physics based model is developed, including calculating clamp
orientation directly from the nominal CAD product and parameterising clamp
location in order to simulate different clamp layouts; a surrogate model is
developed by iteratively re-calling the physics-based model; and feed-forward

analysis and feed-back synthesis are performed.

The process results in selection of clamp layout/location and orientation to be
used. An assembly process with the defined clamp layout/location and orientation
can thus be selected to enable joining/assembly of the component parts in a
manner that accommodates the variety of part geometries (i.e. the deviations from
the nominal CAD profile for the parts) that could appear within a batch of the parts.
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Claims:
1. A system for implementing an assembly process for product manufacture
comprising:

a scanner for measuring a geometric profile of a part;

a comparator for calculating variation in the measured profile of the part
from a nominal profile of the part and for determining locations of physical
constraints on the measured profile caused by a member adjacent to the part
during the assembly process;

an evaluator for identifying a set of control parameters that characterise a
control scheme, wherein a nominal control scheme for assembly of the nominal
profile of the part comprises a set of nominal control parameters, the evaluator
arranged to generate a variation response function in respect of the characteristic
control parameters and variations in the measured profile, and

an assembly process modifier for modifying the set of control parameter
values away from the nominal control parameters based on the variation response

function.

2. A system according to claim 1, wherein the assembly process comprises

supporting first and second adjacent parts during a joining process.

3. A system according to claim 1 or 2, wherein the adjacent member

comprises a support, fixture or adjacent part in the assembly.

4. A system according to any preceding claim, wherein the evaluator identifies
a set of product characteristics comprising locations or dimensions of a plurality of
geometric features on the profile of the part, the variation response function linking
the characteristic control parameters and product characteristics according to

variation in the measured profile.

5. A system according to any preceding claim, wherein the evaluator identifies

a set of product characteristics and a plurality of said product characteristics
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having a tolerance range associated therewith so as to define design constraints

of the product.

6. A system according to any preceding claim, wherein the nominal profile is
comprises a geometric definition of the nominal profile and one or more design
constraint comprising a location and/or dimension of a joint with an adjacent part

on the nominal profile.

7. A system according to any preceding claim, wherein the evaluator identifies
a subset of the control characteristics and a corresponding subset of product

characteristics using the variation response function in an iterative manner.

8. A system according to any preceding claim, wherein the evaluator performs
a feed forward analysis to identify a set of product characteristics from the
characteristic control parameters and a feed-back analysis to refine the set of
characteristic control parameters based on the identified product characteristics.

9. A system according to any preceding claim wherein the variation response
function comprises a part variation mechanistic model and an interaction model

between the part and adjacent member.

10. A system according to any preceding claim wherein the e variation

response function is a multi-dimensional function.

11. A system according to any preceding claim wherein the comparator
comprises a part variation modeller arranged to discretise the nominal and/or
measured part profile by defining an element structure for the profile and to

determine a deviation from the nominal profile for each element.

12. A system according to any preceding claim wherein the part variation
modeller is arranged to parametrize deviations of measured parts from the
nominal part profile and thereby identify reoccurring types of deviations according
to parameter values thereof.
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13. A system according to any preceding claim, wherein the adjacent member
comprise a part fixture and the system comprises a part fixture model having
libraries for simulating fixture constraints on the freedom of deformation of the part

profile relative to one or more fixture location.

14. A system according to any preceding claim, wherein the adjacent member
comprise an adjacent part and the system comprises a part-to-part interaction
model.

15. A system according to any preceding claim, wherein the assembly process
comprises a remote lase welding process.

16. A system according to any preceding claim, wherein the evaluator
determines elastic displacement due to part flexibility relative to the physical
constraint caused by the adjacent member.

17. A system according to any preceding claim, wherein generation of the

variation response function comprising an adaptive sampling technique.

18. A system according to any preceding claim, wherein the evaluator applies
a feed forward analysis comprising assigning a set of product characteristics and
control characteristics, and evaluating a refined set of product characteristics and
control characteristics, wherein the refined set of product characteristics and
control characteristics are generated by applying the variation response function to
the assigned set of product characteristics and control characteristics.

19. A method of implementing a product assembly process for product
manufacture comprising measuring a geometric profile of a part, calculating
variation in the measured profile of the part from a nominal profile of the part,
determining locations of physical constraints on the measured profile caused by a
member adjacent to the part during the assembly process, identifying a set of

control parameters that characterise a control scheme, wherein a nominal control
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scheme for assembly of the nominal profile of the part comprises a set of nominal
control parameters, generating a variation response function based on the
calculated variation and locations of physical constraints, and modifying the set of
nominal control parameters so as to output a modified set of control parameters

based on the variation response function.

20. A data carrier comprising machine readable instructions for operation of
one or more processor to modify product assembly control scheme by: reading a
geometric profile of a measured part for assembly in the product; calculating
variation in the measured geometric profile of the part from a nominal profile of the
part; determining locations of physical constraints on the measured profile due to
one or more member adjacent to the part during the assembly process; identifying
a set of control parameters that characterise a product assembly control scheme,
wherein a nominal control scheme for assembly of the nominal profile of the part
comprises a set of nominal control parameters; generating a variation response
function based on the calculated variation and the locations of physical
constraints; and, modifying the set of nominal control parameters so as to output a
modified set of control parameters based on the variation response function.
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