
Addressing the challenges of multi-
physics at multi-scales



Finding the pattern



The challenge of multi-physics across multi-scales.. 

• Multiple single physics

• Coupled physics problems

• Working across the length 
scales



Multiple single physics

• Most simulation usage is in a 
single physics domain.



Coupled physics problems

• Loosely coupled field problems are 
relatively common

• Closely coupled field problems less so

• Closely coupled true multi-physics 
problems are thankfully rare
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Closely coupled fluid structural 

interaction problem



Coupled physics problems

This model highlights a problem 
with big results sets.. 



Multi-scale analysis

• Analysing systems, 
assemblies, 
components and is 
routinely carried out

• Simulations where the 
various length scales 
are considered 
together are less 
common *

*unless you are talking 
about CFD when you’ve 
never really had any choice 
because of turbulence. 
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Multi-scale analysis
System-of-systems

Full system

Logical-Physical co-simulation

Sub-system

3D FEA, homogenous materials

Composite

3D FEA, composite materials
Constituents

3D FEA, multiple materials
Microstructure

Phase-field simulation

Molecules

Molecular Dynamics

Chemical reaction

http://gamma.cs.unc.edu/HYBRID_TRAFFIC/


Multi-scale analysis

• We can assume that 
components are made of 
uniform single materials

• We can model the actual 
internal material structure

• Or we can model the 
material as a mixture of 
different materials which 
interact with each other 
and the component which 
is made from them. 



Multi-scale analysis

• Representative volume 
elements

• Mean field 
homogenisation

• Model a small section of 
the material and use this 
instead of saying “steel” 
or “aluminium” 

• FE2 approaches Composite

Crystal structure

Biomaterial



Multi-scale analysis
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Structural Optimisation



Topology Optimisation 

Change density of elements within design space (“design 

variables / DV”) considering:

Best material distribution for given optimization problem

Design space
model

Optimization
max. stiffness
s.t. V ≤ 45% V0

Force

Relative material 
density

Design result

0

1

Objective function
Minimize/maximize 
quantity

Constraints
Physical bounds

DV constraints
Manufacturing, symmetry



Topology Optimisation 

• Lattices



Additive manufacturing process simulation

• Coupled thermal structural 
analysis with non-linear 
material properties and addition 
of material

Which has created a part with a structure that has 

properties which vary according to position, direction, 

scale, process, et al.. 

We’ve used a multi-physics process to 

create a multi-scale part



A multi-physics multi-scale workflow

We have a production process that puts 
fewer restrictions on the types of geometry 

that can be produced

If you have this freedom what shape 
parts would you make? 

Shape optimisation

Production process simulation 

Topology Lattice

Multi-

physics

Temperature 
dependency 

Non-linearity

Material damage 
and degredation Deformation and 

residual stresses

Process 
control

inputs

Performance simulation

ABAQUS

Tosca

ABAQUS



Which begs a few questions

• What is structure?

• What is material?

• What is geometry? 

• How are these affected by the physics of production and operation?

• And how do I manage, exploit and retain this knowledge? 

And these are the sorts of challenge that the CSE is there 
to address.. 
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