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3-D LATTICE OPTIMISATION
Technical Field

The present invention relates to the computationally efficient simulation of a component.
A design obtained from the simulation can be manufactured using additive
manufacturing, AM, techniques, such as Multi Jet Fusion, MJF, or Selective Laser
Sintering, SLS, to form a component that has at least one optimised mechanical

property.

Background

It is known to use Topology Optimisation, TO, to reduce the weight of a component.
Although TO allows for significant weight reduction in comparison to respective
homogeneous parts, it fails to account for heat warping and distortion effects in an MJF
printing process. Such effects result in significant discrepancies between a component
design derived from TO and the component design printed using MJF. These
discrepancies may result in a printed MJF component that does not meet acceptable

manufacturing tolerances.

Natural cellular materials, such as wood, sponge, or cork, have been used in a broad
range of modern engineering materials, including stochastic polymeric foams and
honeycomb cores used in composite panels. Cellular materials can exhibit a range of
unique and advantageous property combinations, e.g. high strength and stiffness-to-
weight ratio, superior energy and heat dissipation or large recoverable strains in
structures made from brittle material. Lattice structures are cellular materials
distinguished by a regular structure created by tessellating frames of struts or plates (unit
cells) in 2D or 3D space. Due to recent advancements in AM techniques, the use of
lattice structures are better suited for the design of lightweight components. Specifically,
lattice structures reduce energy and material expenditures during manufacturing, and
also offer properties that are unattainable with homogeneous materials, for example,

negative Poisson’s ratio.

Accordingly, the use of infill lattice structures has been proposed as an alternative
method of reducing the weight of a component that is manufactured using MJF. As
shown in figure 1, a component has a gyroid lattice infill. Due to lattice structures having



10

15

20

25

30

35

WO 2023/237403 PCT/EP2023/064611

a high surface area to volume ratio, heat dissipation is facilitated in the MJF printing
process. Such heat dissipation may prevent heat warping and distortion during the MJF
printing process such that a printed MJF component has acceptable manufacturing

tolerances.

Modelling complex lattice structures relies on computationally heavy simulations, making
the accurate evaluation and optimisation of their mechanical performance extremely
time-consuming. Therefore, a computationally efficient and accurate optimisation
approach is required to develop and manufacture components with in-fill lattice
structures with optimal mechanical performance to weight ratios. Such components may
be used in a load handling device such as that described in UK Patent Application No.
GB2520104A (Ocado Innovation Limited). A load handling device is an automated
system having moving components/parts. Such components/parts can be made lighter
using lattice structures, which in turn makes the load-handling device more efficient.

Summary

In one aspect, there is a computer implemented method for optimising a design of a
component, the method comprising:

a) using a homogenization algorithm to determine at least one first
parameter of a selected unit cell lattice structure;

b) using the at least one first parameter as an input to a topology
optimisation algorithm to determine at least one second parameter of a component with
the selected lattice structure;

C) using the at least one second parameter to define a functional grading of
the component;

d) using a finite element analysis algorithm to evaluate a component based
on the functional grading to derive objective values;

e) using the objective values in a Bayesian optimisation algorithm to weight
the at least one second parameter; and

f) iteratively performing steps c) to e) to generate an optimised design of the
component comprising the selected lattice structure. This means processing and
memory resources are minimised when optimising the design of a component. The

accuracy of the optimisation is maintained.
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The at least one first parameter may comprise one or more of: a penalty exponent that
characterises a relationship between a stiffness and a density of the unit cell lattice
structure, a design domain that defines design and non-design volumes of the
component, loading conditions, and boundary conditions. This means the component
can be optimised for a given target use.

The at least one second parameter may comprise one or more of a topology optimised
density/greyscale field, a shape of the component, and a stress field. This provides an
initial optimisation that lends itself to further optimisation.

The topology optimised density/greyscale field and the stress field may be combined to
form the functional grading. This means that regions of the component where the
functional grading take high values should be assigned a high relative density.

The functional grading may be defined by:

T(x»y;z) =W x(x;y;z)+ (1_W1) . y(x;y;z)

where X (x,y, z) represents the topology optimised density/greyscale field, Y(x, v, z)
represents the stress field, and w; is a weighting factor to weight the at least one second
parameter. This provides a simple and less optimal solution, but one which is satisfactory

in certain scenarios.

The functional grading may be defined by:

1

X

7 _ Y
(x,v,2) = [w, wy wp wy wy wg ] X2

ryZ

XY

where X (x,y, z) represents the topology optimised density/greyscale field, Y(x, v, z)

represents the stress field, and w, ,w; , w, w3 w,ws are weighting factors to weight the

at least one second parameter. This means the search space is limited so the Bayesian

optimisation performance is enhanced.
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F(x,y,2z) = [wo wywy Wy wy ws |

may be constrained by the following equation:

F*(x,y,z) = min(max(F(x,vy,z2),0),1).
This means the Bayesian optimisation does not explore unfeasible solutions which

further improves its performance.

The average value of F(x, y, z) within a lattice region of the component may be

constrained to [0, 1], wherein the average value is defined by:

1
E[Xx
E[Y

—_—
|

E[F(x,y,2)] = [w, wy wy w3 wy wg ]

=
=
N

E[Y?]
[E[xy]]

Jv, g Xy 2)av Jy, Y&y 2av

, E[Y(x,y,2)] =

fy, g Y2 @y.2)av

ViR

where E[X (x,y,2)] = , E[X%(x,y,2)] =

Vir Vir

XY(x,y,z)dVv

S
VL , where

2
. X2 (x,y,2)dV fVLR

—— ElY*(xy,2)] = ,and E[XY (x, y, 2)] =

V. is the volume in a lattice region of the component. This means the Bayesian

Vir

optimisation does not explore unfeasible solutions which further improves its

performance.

Generating the optimised design may comprise generating a plurality of optimised
designs, and the method further comprises generating a Pareto front from the plurality of
optimised designs, and selecting one of the optimised designs from the Pareto front
using a technique for order preference by similarity to an ideal solution, TOPSIS,
algorithm. This means a number of optimised designs can be analysed to select a final

optimised design.

Steps c¢) to €) may be run in parallel to evaluate a number of components concurrently.
This reduces the overall time taken to derive the optimised design.
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The component may comprises an infill lattice structure. This means heat can dissipate
during an additive manufacturing process.

In another aspect, there is a method of manufacturing a component, wherein the method
comprises obtaining an optimised design of the component using the method of any of
the above aspects, and manufacturing the optimised design. This means the component
achieves a desired weight reduction whilst meeting certain performance characteristics
such as stiffness.

The component may be manufactured using additive manufacturing such as Multi Jet
Fusion or Selective Laser Sintering. This means the printed component meets
acceptable manufacturing tolerances and constraints.

In another aspect there is a computer program comprising instructions which, when the
program is executed by a computer, cause the computer to carry out the method of any

of the above aspects.

In another aspect, there is a data processing system comprising means for carrying out
the method of any of the above aspects.

In another aspect, there is a mobile grocery picking robot or a load handling device
having a component designed by the method of any of the above aspects.

Brief Description of Drawings

The present invention is described with reference to one or more exemplary

embodiments as depicted in the accompanying drawings, wherein:

Figure 1 is an example of an infill lattice structure;

Figure 2 shows example unit cells;

Figure 3 shows the steps of a computationally inexpensive optimisation algorithm;

Figure 4 shows a method of manufacturing a component using the algorithm of figure 3;
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Figure 5 shows a component manufactured using the method of figure 4;

Detailed Description

Efficiency-Accuracy Trade-off

As mentioned above, a computationally efficient and accurate optimisation approach is
required to develop components with infill lattice structures with optimal mechanical
performance to weight ratios.

Typically, lattice structures themselves are modelled using homogenisation where
heterogeneous lattice structures are considered at the macroscopic scale and modelled
as a homogeneous material of equivalent properties. Although such an approach has
low computational cost, it fails to capture edge effects in finite lattices and is unsuitable
for lattice infills with a small number of unit cells across a width. For example, a lattice
structure must have at least a 4x4x4 tessellation of diamond unit cells for its stiffness to
be within 0.4% of the modelled homogenised result. In other words, a minimum number
of unit cells is required to render the modelling accurate. Thus, modelling using
homogenisation reduces design freedom in selecting the number of unit cells.

Finite Element Analysis, FEA, can be used to model lattice structures, with superior
modelling accuracy compared to modelling using homogenisation. By way of
comparison, a structure having a 2x2x2 tessellation of octet truss unit cells modelled
using both homogenisation and FEA shows that the former technique significantly
underestimates the structure’s stiffness, as it predicts higher displacements and lower
maximum von Mises stress, compared to the latter technique. However, the computation
time required for the latter technique is an order of magnitude longer compared to the
former technique. The selection of modelling using homogenisation or FEA is an
accuracy-efficiency trade-off.

Hybrid approaches which combine the above modelling techniques have been proposed,
but again such techniques involve a trade-off between accuracy and computational
expense. For example, one hybrid technique, whilst reducing the time taken, performs
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poorly when modelling stiffness accurately. Further techniques improve accuracy but at

significant computational expense.

The ability to accurately capture edge effects and stress concentrations in finite lattice
infills is crucial for the design of components. However, the current computational costs
are significant. A simulation that achieves similar, if not greater, accuracy than known
techniques, whilst also reducing the computational expense (i.e. lower processor and
memory usage) is desirable.

In accordance with the invention there is provided a simulation that avoids the accuracy-
efficiency trade-off. The computing expense of the simulation is reduced without affecting
the accuracy of the simulation. Thus, a component manufactured based on the
simulation will perform as predicted by the simulation. Components with at least one
optimised mechanical property can be obtained.

Computationally inexpensive optimisation algorithm

Figure 1 shows the steps of an optimisation algorithm 100 that minimises computational
expense without reducing accuracy. Whilst an algorithm could be designed to run with no
time constraints, a key aim with the present invention is to reduce the time taken. This
way, the simulation lowers the processing and memory usage. The algorithm of figure 1
combines algorithms in a way that exploits their strengths in terms of efficiency and

accuracy.

The steps of the optimisation algorithm are:

1. A unit cell type for the lattice infills is selected 110. Example unit cell types are
shown in Figure 2. Each of these unit cell types represent candidate lattice
structures that can be used as an infill lattice structure in a component. As
shown, the unit cell types include simple cubic, body centred cubic, face centred
cubic, diamond (strut), fluorite, Octet, Kelvin cell, IsoTruss, Weaire-Phelan,
Gyroid, Schwartz, Diamond (sheet). It would be appreciated that the depicted
cells are exemplary, and the skilled person could readily explore a myriad of unit
cells. The selection of the unit cell could be based on stiffness, heat dispersion,
or post MJF powder removal properties for example.
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2. A homogenization algorithm is used to determine at least one first parameter of

the selected unit cell lattice structure 110. It would be appreciated that step 1 can
occur as part of the homogenization algorithm. The purpose of step 2 is to
generate at least one first parameter to characterise the selected unit cell. As an
example, the at least one first parameter is a penalty exponent that characterises
a relationship between stiffness and density of the unit cell lattice structure. An
example homogenization algorithm that can be used is that provided by
nTopology™ software. Step 2 represents a computationally efficient way of
generating the at least one first parameter.

A Topology Optimisation, TO, algorithm uses the at least one first parameter to
determine material distribution in a component using infill lattice structures for a
design volume, optimisation objectives, loads, boundary conditions, and
constraints 120. It would be appreciated that setting the design volume,
optimisation objectives, loads, boundary conditions, and constraints is dependent
on a target use, and can be selected accordingly. Example objectives include
displacement minimisation under certain loading conditions, mass reduction, and
reduced heat warping (i.e. maximise surface area to volume ratios of the lattice
structures). Example constraints include minimum mass reduction compared to
original design volume, type of MJF printer (e.g. HP Jet Fusion 5200 Series
Industrial 3D Printer with nylon PA12), maximum stress value, duty-cycle
robustness, maximum displacement, compliance with a system in which
component is used. The purpose of step 3 is that the TO algorithm can accurately
represent and adjust for elastic behaviour of the selected unit cell (as defined by
the at least one first parameter). Step 3 provides an initial TO result of the
component. The TO algorithm generates at least one second parameter to
characterise the component. An example TO algorithm that can be used is the
Solid Isotropic Material with Penalisation, SIMP, algorithm, provided by ANSYS™
software.

The at least one second parameter is used to define a functional grading of the
component 130. For example, a density/greyscale solution and a stress field
obtained from step 3 are combined to generate the functional grading. The
density/greyscale solution may be further transformed before combining with the
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stress field. In one example, the density/greyscale solution is translated into a
scalar field using interpolation between nodes. In another example, the stress
field is a von Mises stress field. A stiffness optimal density field from step 4 is
used to determine a shape of the component by applying a threshold that results
in a solid-void solution. The resulting shape is smoothened using a Gaussian
filter. Using the determined shape, the von Mises stress field incurred by the
loading conditions is obtained. Alternatively, a field describing the thermal
gradients in a component during the AM (e.g. MJF) printing process could be
combined with a TO density/greyscale solution to find the optimal trade-off
between the component’s heat warping and its stiffness response. In general,
scalar fields representing features related to the optimisation objectives are
combined to form the functional grading. As mentioned above, the optimisation
objectives can be selected according to the target use of the component. It can
thus be appreciated how the at least one second parameter (e.g.
density/greyscale solution and/or the stress field) can be readily used to define
the functional grading. Step 4 allows the initial TO result of the component to be
characterised in a way that avoids further analysis that otherwise would be
computationally expensive. In other words, this step serves to reduce the amount
of overall processing required in the simulation. An initial weighting may be
applied to the functional grading. It would be appreciated that the initial weighting
may be 1, which is equivalent to applying no weighting.

An FEA algorithm is used to evaluate a component based on the functional
grading to derive objective values 140. Whilst somewhat computationally
expensive, step 5 accurately predicts the performance of the component by
comparing the objective values against the optimisation objectives. An example
FEA algorithm that can be used is that provided by nTopology™ software.

A Bayesian optimisation algorithm uses the objective values to weight the
functional grading 150. Step 6 adjusts the functional grading based on the
optimisation objectives. It has been found that Bayesian optimisation is
particularly suited to adjusting the functional grading in terms of computational
efficiency. Facebook™ Open Source’s Ax platform for Python is an example
software that can be used for the Bayesian optimisation.
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7. Steps 4 to 6 are iteratively performed 160 to generate an optimised design of the
component comprising the selected lattice structure 170. In other words, steps 4
to 6 are repeated until the design is optimised. It can be appreciated that the
computationally efficient Bayesian optimisation can be used to offset the
otherwise high computational cost of step 5 by limiting the number of evaluations
in the optimisation process.

8. This step is optional and is only required if more than one optimised design is
generated by the above steps. The more than one optimised design is used to
generate a Pareto front. A final optimised design can be selected from the Pareto
front using a technique for order preference by similarity to an ideal solution,
TOPSIS, algorithm.

It has been found that the above steps result in a computationally efficient algorithm. The
initial TO result of step 3 is generated as efficiently and accurately as possible since it
uses a penalty exponent (i.e. the at least one first parameter) specific to lattice
structures. Step 6 is particularly advantageous. One simulation implementation of a
cantilever beam meant that the FEA algorithm of step 5 involved 100 search points to
optimise the design, whereas absent the Bayesian Optimisation of step 6, the FEA
algorithm of step 5 would involve ~400,000,000 search points. The difference in
computing resources required for an FEA algorithm that involves 100 and ~400,000,000
search points is vast. As set out below, simulated characteristics of the component are
found to match those of a component manufactured using MJF, thus showing the
accuracy of the above algorithm.

Functional Grading and Bayesian Optimisation

As mentioned above, the Bayesian optimisation is particularly suited in terms of
improving computational efficiency when adjusting the functional grading. Scalar fields
representing features related to the optimisation objectives are weighted and combined
to form a functional grading. The weighting of functional grading is based on the principle
that the regions where the input fields take high values should be assigned high relative
density. For example, regions of high stress should be infilled with a high density lattice

structure to minimise the peak stress in the component.
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Any scalar field, F(x, y, z), with values between 0 and 1 can be used to drive the relative
density of the lattice structure. In practice, the range (i.e. max and min) of relative
densities realisable with lattice structures is bounded by the manufacturing constraints
on the smallest member size, cell, enclosure etc. To respect these constraints, the
relative densities is defined by the following formula,

p(x; Y, Z) = Pmin + (pmax - pmin) 'T(x; Y, Z)
{1)

where p represents relative density, or alternatively

p(x,y,2) = min|[maxlpmm, F (.7, 2], pmax
{2)
The functional grading field, F(x, y, z), is constructed as a combination of two fields,
X (x,y,z) representing the density/greyscale field, and Y(x, y, z) representing the stress
field of the component (e.g. von Mises stress distribution), derived from the TO of step 3.
Notably, both X and Y fall within the [0, 1] range and could be used individually to drive

the functional grading F.

The simplest combination of fields X and Y, which itself constitutes a valid functional
grading field is

Flo,y,z) =w,- X(x,y,2)+ 1 —-w)- Y(x,,2)

{3)
where w, is a weighting factor and w, € [0,1]. Such a combination ensures all field
values are within the required range. However, the combination based on a single
parameter is expected to have a reduced expressive power, i.e. the ability to generate a
wide family of functional grading fields. However, this might provide an acceptable
solution in certain scenarios. To alleviate this issue, the linear combination from Eq. (3) is

may be replaced with a quadratic polynomial in two fields
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F(x,y,2z) = [wo wywy Wy wy ws |

{4)

where w, , w; ,w, ws w, ws are weighting factors, w; € [-1,1] . w, can be used as a bias
term to ensure that uniformly dense lattices can be represented. The squared fields, X2
and Y2share the patterns of the original fields, but assign lower relative density values
throughout, and XY field can be interpreted as a measure of similarity between the two
fields.

To ensure that equation (4) is within a [0,1] range, it was numerically constrained by

F*(x,y,z) = min(max(F(x,v,2),0),1)

{5)
Further trials have shown that the sum of weights (w, ,w; ,w, w3 w, ws) must also be
constrained. Otherwise, the design space is dominated by weight combinations, for
which the entire grading field F (x, v, z) takes values outside of the [0, 1] range, and the
trimmed F*(x, y, z) takes either a uniform 0 or 1 field. Uniform fields are of minimal
interest to optimisation and should be avoided. Having multiple parametrisations that
result in the same objective values is not recommended as Bayesian optimisation is
likely to encounter them more than once in exploring the design space, even though they
cannot offer an improvement after they are evaluated at least once. To limit the
occurrence of uniform F (x,y,z) fields, the average value of F (x,y,z) within the lattice
region is constrained to [0, 1], wherein the average value is defined by:

E[F(x,y,2)] = [wo wy wy Wi wy ws | E[X2
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13
[, X(xy,2)dVv L Yxy.zav
where E[X (x,y,2)] = “E—————— E[Y(x,y,2)] = “LE———— E[X?(x,y,2)] =
VLR VLR
[, X2(xy,z)dV Lo Y (xy,z)av fv,  XYy.z)av
AR E[Y%(x,y,2)] = “E———— and E[XY(x,y,2)] = “LE———"— where

Vir ViR Vir

Vi r is the volume in a lattice region.

The constraint on the average value of the grading field can be expressed in terms of the
weights (w, ,w; ,w, wz w,ws ), and therefore can be enforced by restricting

parametrisations that are proposed in the BO algorithm.

The derivation of the functional grading described above was developed specifically to
comply with computational requirements of the Bayesian optimisation algorithm.
Ensuring that the number of optimised parameters (i.e. w,,w;,w, w3 wyaws) is small,
and limiting the search space to a 6-dimensional hypercube has a positive effect on the
Bayesian optimisation performance, which has been found to reach an optimal solution
for a complex component after generating 100 search points for the FEA algorithm of
step 5 to evaluate. Absent the Bayesian optimisation, the FEA algorithm would be
required to evaluate ~400,000,000 search points instead. The difference in computing
resources required for an FEA algorithm that involves 100 and ~400,000,000 search
points is vast.

Further efficiencies can be found by running a number of the Bayesian optimisations and
FEA algorithm analyses of step 5 in parallel rather than in purely sequential manner. By
way of example, a batch size of 3 was found to have minimal effect on accuracy but a

significant improvement in speed.

Method of manufacture of optimised component

The algorithm of figure 3 can be used as part of a method for manufacturing 200 the
optimised design of the component, as shown in figure 4. After the component has been
optimised by the method of figure 3 210, it is manufactured 220 using an additive
manufacturing process such as MJF or SLS.

Two different components comprising infill lattice regions, VF30 and VF50, whose initial
geometries were obtained from TO (i.e. step 120 of figure 3) with target volume fractions
of 30% and 50% compared to design volume of the component, respectively. Gyroid unit
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cells were selected for the designs given their favourable properties in respect of
stiffness, heat dispersion, and post MJF powder removal. The constraints were set to be
the same for both the VF30 and VF50: 1mm for the displacement and 50% for the
retained mass (expressed as a fraction of the initial design volume mass). These
constraints aimed to focus the candidate generation in a small region of the objective
space, where all points meet the constraints on mass and displacement. Taking into
account the constraints, objectives and loading conditions specific to the component, and
applying the functional grading optimisation (i.e. steps 130 to 160) of figure 3, both
designs were optimised in 100 trials (i.e. search points), with an initial random (Sobol)
batch of 9 trials. A comparison in Table 1 to TO designs with equivalent retained mass

(Mm,etainea) Shows the advantages of the functional grading optimisation.

Case Mretained  Umax (MM)  oyMmax (MPa) AV (mm‘lj
Topology optimised 0.399 0.230 2.000 0.251
VF30 - Optimal infill ~ 0.399 0.247 3.075 0.382
Topology optimised 0.473 0.180 1.792 0.225
VF50 - Optimal infill ~ 0.475 0.205 2.384 0.462

Table 1 Comparison of optimal functionally graded designs and topology optimised designs

On the one hand, the VF30 latticed design experiences 7% higher maximum
displacement (i) and 54% higher maximum stress (oy y mqx), While these numbers
are 14% and 33% for VF50, respectively. It is important to note that the maximum
displacement and maximum stress values of the VF30 and VF50 still correspond to
safety factors of 12 and 9, respectively.

On the other hand, the introduction of the infill lattice resulted in a significant increase of
the surface area to volume ratios (4/V). For VF30 this was a 52%, while for VF50 a
105% increase. This corresponds to a significant increase in the rate of heat dissipation
during the printing process of the latticed components, hence heat warping is reduced
during and MJP printing process, which in turn results in a printed component meeting
acceptable manufacturing tolerances and constraints. Figure 5 shows such a component
corresponding to the VF30 design that has been manufactured via an MJF process.

VF30 and VF50 could be used as a component/part of a load-handling device.
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As used herein, the singular forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise. It will be further understood
that the terms “comprises” and/or “comprising,” when used in this specification, specify
the presence of stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or groups thereof.

The invention can take the form of an entirely hardware embodiment, an entirely
software embodiment or an embodiment containing both hardware and software

elements. In a preferred embodiment, the invention is implemented in software.

Furthermore, the invention can take the form of a computer program embodied as a
computer-readable medium having computer executable code for use by or in
connection with a computer. For the purposes of this description, a computer readable
medium can be any tangible apparatus that can contain, store, communicate, propagate,
or transport the program for use by or in connection with the computer. Moreover, a
computer-readable medium can be an electronic, magnetic, optical, electromagnetic,
infrared, or semiconductor system (or apparatus or device) or a propagation medium.
Examples of a computer-readable medium include a semiconductor or solid state
memory, magnetic tape, a removable computer diskette, a random access memory
(RAM), a read-only memory (ROM), a rigid magnetic disk and an optical disk. Current
examples of optical disks include compact disk- read only memory (CD-ROM), compact
disk-read/write (CD-R/W) and DVD.

The flow diagrams in the figures illustrate the architecture, functionality, and operation of
possible implementations of methods according to various embodiments of the present
invention. In this regard, each block in the flow diagram may represent a module,
segment, or portion of code, which comprises one or more executable instructions for
implementing the specified logical function(s). It should also be noted that, in some
alternative implementations, the functions noted in the block may occur out of the order
noted in the figures. For example, two blocks shown in succession may, in fact, be
performed substantially concurrently, or the blocks may sometimes be performed in the
reverse order, depending upon the functionality involved. It will also be noted that each
block of the flow diagrams, and combinations of blocks in the flow diagrams, can be
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implemented by special purpose hardware-based systems that perform the specified
functions or acts, or combinations of special purpose hardware and computer

instructions.

It will be understood that the above description of is given by way of example only and
that various modifications may be made by those skilled in the art. Although various
embodiments have been described above with a certain degree of particularity, or with
reference to one or more individual embodiments, those skilled in the art could make
numerous alterations to the disclosed embodiments without departing from the scope of

this invention.
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Claims

1. A computer implemented method for optimising a design of a component, the
method comprising:

a) using a homogenization algorithm to determine at least one first
parameter of a selected unit cell lattice structure;

b) using the at least one first parameter as an input to a topology
optimisation algorithm to determine at least one second parameter of a component with
the selected lattice structure;

C) using the at least one second parameter to define a functional grading of
the component;

d) using a finite element analysis algorithm to evaluate a component based
on the functional grading to derive objective values;

e) using the objective values in a Bayesian optimisation algorithm to weight
the at least one second parameter; and

f) iteratively performing steps ¢) to e) to generate an optimised design of the
component comprising the selected lattice structure.

2. The computer implemented method of claim 1, wherein the at least one first
parameter comprises one or more of:

a penalty exponent that characterises a relationship between a stiffness and a
density of the unit cell lattice structure;

a design domain that defines design and non-design volumes of the component;

loading conditions; and

boundary conditions.

3. The computer implemented method of claims 1 or 2, wherein at least one second
parameter comprises one or more of:

a topology optimised density/grayscale field;

a shape of the component; and

a stress field.

4. The computer implemented method of claim 3, wherein the topology optimised
density/greyscale field and the stress field are combined to form the functional grading.
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5. The computer implemented method of claim 4, wherein the functional grading is
defined by:

T(x»y;z) =W x(x;y;z)+ (1_W1) . y(x;y;z)

where X (x,y, z) represents the topology optimised density/greyscale field, Y(x, v, z)
represents the stress field, and w, is a weighting factor to weight the at least one second

parameter.

6. The computer implemented method of claim 4, wherein the functional grading is
defined by:

— 1 —
X
Y
xZ
ryZ
bcy_
where X (x,y, z) represents the topology optimised density/greyscale field, Y(x, v, z)

F(x,y,2z) = [wWo Wy W, Wy Wy ws |

represents the stress field, and w, ,w,, w, w3 w, ws are weighting factors to weight the

at least one second parameter.

7. The computer implemented method of claim 6, wherein
— 1 -
X
Y
xZ
ryZ
bcy_

F(x,y,2z) = [wo wywy Wy wy ws |

is constrained by the following equation:
F*(x,y,z) = min(max(F(x,vy,z2),0),1).
8. The computer implemented method of claim 6 or 7, wherein the average value of

F(x,y,z) within a lattice region of the component is constrained to [0, 1], wherein the
average value is defined by:
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1
E[X]
. i || Y]
(x,¥,2) = [w, wy wy wz wy wg E[x?] |
E[Y?]
[E[xy]]
X (x,y,2)dV L Yxy.zav
where E[X (x,, 2)] = &V gy 2] = 280DV a2y =
Vir Vir
fy, YGey.nav fy, Y xy.nav Sy, XYGy.nav
VLR—a E[yz(x;y; Z)] = VLR—a and E[xy(x;y; Z)] = VLR—a Where
Vir Vir Vir
Vi is the volume in the lattice region of the component.
9. The computer implemented method of any preceding claim wherein generating

the optimised design comprises generating a plurality of optimised designs; and the
method further comprises:

generating a Pareto front from the plurality of optimised designs; and

selecting one of the optimised designs from the Pareto front using a technique for
order preference by similarity to an ideal solution, TOPSIS, algorithm.

10. The computer implemented method of any preceding claim, wherein steps

) to e) are run in parallel to evaluate a number of components concurrently.

11. The computer implemented method of any preceding claim, wherein the

component comprises an infill lattice structure.

12. A method of manufacturing a component, wherein the method comprises:
obtaining an optimised design of the component using the method of any
preceding claim; and
manufacturing the optimised design of the component.

13. The method of claim 12, wherein the component is manufactured using additive
manufacturing such as Multi Jet Fusion or Selective Laser Sintering.

14. A computer program comprising instructions which, when the program is
executed by a computer, cause the computer to carry out the method of any of the above
aspecits.
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15. A data processing system comprising means for carrying out the method of any
of claims 1 to 13.

16. A mobile grocery picking robot or a load handling device having a component
designed by the method of any one of claims 1 to 11 or manufactured by the method of
claims 12 and 13.



WO 2023/237403 PCT/EP2023/064611

1/3

(k) Body centered cubic

te¥ Fluorite fe) Kelvin cell th) TsoTruss

U Weame-Phelan

(K Schwiirtz ty Diamond {shest)

Figure 2



WO 2023/237403

100

2/3

N

PCT/EP2023/064611

110 —

using a homogenization algorithm to determine at least one first

parameter of a selected unit cell lattice structure

120 —

130 —

140 —

!

using the at least one first parameter as an input to a topology
optimisation algorithm to determine at least one second

parameter of a component with the selected lattice structure

¥

using the at least one second parameter to define a functional

grading of the component

|

using a finite element analysis algorithm to evaluate a
component based on the functional grading to derive objective

values

|

150 —

using the objective values in a Bayesian optimisation algorithm

to weight the at least one second parameter

170 —

!

generate an optimised design of the component comprising the
selected lattice structure

Figure 3

—160



WO 2023/237403
3/3

200

Performing the method

10— of figure 3

Manufacturing the

20— optimised design

Figure 4

PCT/EP2023/064611



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2023/064611
A. CLASSIFICATION OF SUBJECT MATTER
INV. GO6F30/17 GO6F30/23
ADD. GO6F111/06 GO6F111/08 GO6F111/10 GO6F113/10 GO6F119/14
GO6F119/08

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GO6F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X PANESAR AJIT ET AL: "Strategies for 1-16
functionally graded lattice structures
derived using topology optimisation for
Additive Manufacturing"”,

ADDITIVE MANUFACTURING,

vol. 19, 1 January 2018 (2018-01-01),
pages 81-94, XP055868162,

DOI: 10.1016/j.addma.2017.11.008

the whole document

abstract

figure 1

figures 2,9,16

equations (1) to (3)

section 2.1.1.

equations (5) and (8)

section 2.1.3.

|__K| Further documents are listed in the continuation of Box C. |:| See patent family annex.

* Special categories of cited documents : ) ) ) - o
"T" later document published after the international filing date or priority

. - o ’ date and not in conflict with the application but cited to understand
A" document defining the general state of the art which is not considered oL h - )
1o be of particular relevance the principle or theory underlying the invention
"E" earlier application or patent but published on or after the international "X document of particular relevance;; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other """ document of . . - - -
. b particular relevance;; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
8 August 2023 17/08/2023
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, .
Fax: (+31-70) 340-3016 Rungger, Matthias

Form PCT/ASA/210 (second sheet) (April 2005)

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2023/064611

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category”

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

Li Dawei ET AL: "Design and Optimization
of Graded Cellular Structures With Triply
Periodic Level Surface—-Based Topological
Shapes",

Journal of mechanical design,

1 July 2019 (2019-07-01), pages 1-13,
XP093072002,

DOI: 10.1115/1.4042617

Retrieved from the Internet:
URL:https://doi.org/10.1115/1.4042617
[retrieved on 2023-08-08]

the whole document

abstract

figure 2

figure 5

figure 7

section 4

section 5

section 6

equations (32) and (33)

STROMBERG NICLAS: "Optimal grading of
TPMS-based lattice structures with
transversely isotropic elastic bulk
properties",

ENGINEERING OPTIMIZATION,

vol. 53, no. 11,

10 November 2020 (2020-11-10), pages
1871-1883, XP093071479,

DOI: 10.1080/0305215X.2020.1837790

the whole document

abstract

figure 1

equation (8)

section 3

figures 4-8

section 4

1-16

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - wo-search-report
	Page 27 - wo-search-report

