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About me.. 
• FEA and CFD engineer 

since the 1980’s

• Founded and sold 3 
simulation companies

• Published on fracture 
healing and tibial 
implant design

• Consultancy projects 
for surgeons and 
implant manufacturers

• PhD Examiner/DPhil 
Supervisor

• NAFEMS PSE

• Write for CAE 
publications

• And I’m an average 
racing driver. 
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Finite Element Analysis in Biomechanics
• FEA is a popular tool in 

biomechanics research.. 

• Its use is growing.

• This session aims to provide 
you with a basic 
understanding of the 
technology and give you 
some reference points to 
judge the good the bad and 
the indifferent..

• Also a jumping off point if 
you want to become 
involved or even do FEA 
projects 
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Finite Element Analysis 
• Finite element analysis is 

the process of dividing 
structures and components 
into small subregions and 
calculating the behaviour of 
the whole by combining the 
behaviour of the parts. 

• There’s no magic and how 
the process works is easy to 
understand
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Some basic concepts that you need..
• To understand what a finite element model is working with..
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What will Finite Element Models tell you? 
• How much things will 

deform under load

• What sort of stresses 
the system will see 
across the part – and 
therefore how near
breaking it is.. 

• What sort of strains it
sees - this is sometimes 
more important than 
stress

• And lots of other stuff

• We have to tell them 
how much load is 
applied, how the parts 
are fixed, and what the 
material modulus is.. 
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Basic concepts 
• Finite element analysis can be used 

for many types of problem, but here 
we are going to concentrate on 
structural mechanics.. 

“ut tensio, sic vis”

“as the extension, so the 
force”

Robert 
Hooke
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Basic concepts 
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Basic concepts 
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Basic concepts 

Forces 

Stiffnesses Displacements 
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Basic concepts 
• Adding some values

400N

K1 = 1000N/m 

K2 = 2000N/m 

U=0
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Basic concepts 

• Modelling real 
structures



Laurence Marks
Laurencemarks64@googlemail.com 

Basic concepts 
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So… 

• We have a methodology or 
process that will allow us to 
predict how structures react to 
external and internal loads in 
terms of deflection and stresses. 

• We can apply this to traditional 
engineering components as well 
as biomechanical systems. 

• If we mix traditional engineering 
components and biomechanical 
systems we can evaluate the 
effectiveness of designs and 
surgical interventions to a useful 
degree. 
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Mesh convergence
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MESH REFINEMENT CURVE

Peak VM stress in 
MPa

18mm

6mm
3mm 1.5mm

Here changes 
of element size 
don’t change 
the answer

Here 
changes of 
element 
size change 
the answer
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Meshes matter.. 
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Creating meshes of biomechanical systems..

• Biomechanical systems present 
problems with mesh definition 
that don’t happen with 
“engineering components”

• And mesh definition isn’t trivial 
with engineering components..

• Scan to mesh technologies such 
as “Simpleware” automate the 
process of creating meshes 
from medical images

• We can also use more 
traditional CAD geometry 
approaches
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Other element types.. 

• Dimensional 
reduction.. 

• Multiscales



Laurence Marks
Laurencemarks64@googlemail.com 

Sharp Corners
Sharp corners are challenging from a 
stress calculation point of view and are 
very bad from a durability point of view.  
Which this Karting disc carrier example 
shows very well. 
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Nobody would do that in an implant… 

• Really.. 

Initial experience of the Journey-
Deuce bicompartmental knee 
prosthesis. Palumbo BT, Henderson 
ER, Edwards PK, Burris RB, Gutiérrez 
S, Raterman SJ. J Arthroplasty 2011; 
26 (6) Suppl 1: 40-45.
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Modelling Biomaterials 
• Often we treat materials as linear 

elastic
• But materials can be.. 

• Non-linear – properties are a function of 
stress level

• Anisotropic – properties are a function 
of direction

• Non-heterogeneous – properties are a 
function of spatial position

• Rate dependent – properties are a 
function of loading speed 

• Hyper-elastic – properties are a function 
of strain energy density.. 

• And biomaterials are generally most 
or all of the above.. 

Strain

Stress

Ey

Ex

Ez

Stress

Strain

Modulus
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Modelling Biomaterials - Bone
• We have properties 

which vary by 
position – cancellous 
vs cortical 

• FEA models often use 
mappings taken from 
scans.  Image 
density>material 
properties
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Modelling Biomaterials - Bone
Stress

Strain

Cancellous 
Tensile 

• We have properties 
which vary by 
position and we have 
non-linearity

• In most studies 
spatially varying 
linear properties are 
used.  

Strain

Stress

Cancellous
Compressive 

Stress

Strain

Tensile 

Compressive 

Single 
modulus



Laurence Marks
Laurencemarks64@googlemail.com 

Modelling Biomaterials - Bone

•Post processing bone models..  A common 
mistake.. 

• When you plot results plot something that’s relevant to the material of 
interest…

Von Mises stress is a 
stress combination used 
to establish if a metal 
has yielded.  Never use 
it in assessing the state 
of stress in bone.. 
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Materials/biomaterials – Soft Tissue
• Where we can obtain useful results by 

using simplified material responses for 
bone, we need to consider phenomena 
such as time dependency and 
hyperelasticity.. and possibly porosity.. 
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Bone remodelling
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

Julius Woolf
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Interfaces
• How we define 

the interactions 
between parts 
and 
components.
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Interfaces
• How we define 

the interactions 
between parts 
and 
components.

• Bonded/glued
• Friction, no friction
• Hard/soft
• Traction/separation
• Heat generation
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Explicit solutions and dynamics
• Sometimes the main event is dynamics – 

where kinetic energy dominates (or at 
least is a significant part of) the picture

• We can use a special type of solver for 
this sort of problem. 

• These are widely employed in vehicle 
crash simulations. But are also used 
extensively in any biomechanics scenario 
where the event is rapid and energetic.. 

• You can use this technology for slow, 
quasi static events, with extreme care, 
but this should be justified carefully. 
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Explicit solutions and dynamics
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Explicit solutions and dynamics
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Explicit solutions and dynamics
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Explicit solutions and dynamics

Element deletion has 
been used to model the 
fracture process.. 
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Non-linearity

•Materials

•Dynamics

•Contact

•Large 
displacements

Load 

Displacement  
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Multi-body Dynamics.. 

https://www.bob-biomechanics.com
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Computational Fluid Dynamics and Multi-
physics
• Computation Fluid Dynamics 

models the motion of fluids

• Multi-physics

• Fluid Structural Interaction  

Skull/Brain Impact models 
by Sam Swift, Nottingham 
University
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Model Definition – the process
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Implants and devices
• Hip implant.. 
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Implants and devices
• Plate and 

screws.. 
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Implants and devices
• Design to standard… 

• Test specification
• Test vs real life vs simulation trichotomy

• ASTM test doesn’t replicate real world usage

• Almost into codes based design here 

• But it’s probably the best test case we can apply..

Full block 
support

Peripheral 
support

ASTM roller 
support
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Defining the workflow… 
• Once the model/validation loop has been 

established we can use the model to answer 
research questions or investigate design options

Research 
question or 
design 
challenge

IP and 
understanding 
reside in the 
workflows – much 
more than in the 
individual models
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Exploring the designspace and AI…

• Building a single model 
of a scenario probably 
isn’t enough.. 

• Lots of models = 
automation = 
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How do we know it’s right? Validation and 
Verification  
• So the results have got to be 

right right..  

• There are two checks that 
need to be performed.. 

100% wrong
Verification – have the equations been 
solved correctly? 

Validation – have the correct equations 
been solved? 
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How do we know it’s right? Validation and 
Verification
• Verification is pretty much out of 

your control, its largely an activity 
for software authors.. 

• Validation is very much the 
engineers (doctors??) responsibility. 

• When the real and digital worlds 
agree, and the reasons 
demonstrated or explained, we can 
say we understand (some of) what’s 
going on. 

• There was a time when FEA was a 
discredit technology in 
biomechanics – because of a lack of 
attention to correlation

FEA “World” Real World 

• Strain gauges
• Digital Image 

Correlation
• Digital 

volume 
correlation

• Direct load 
measurement 
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Learning to undertake FEA studies

• Get in there and have a go.. It’s an 
accelerated learning program.

• Use free software – PrePoMax was 
used for most of the examples in 
this lecture.

• Talk to the experts.. We don’t get 
out much generally..

• Online resources abound.. 
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In summary..

• The quality of published FEA work is hugely 
variable. It pays to know what to look out for 
and maintain a sceptical attitude..

• The basics are easy to understand, and will 
take you a long way.

• Simple well planned and executed studies are 
often much more insightful that grand 
challenge projects

• Don’t be scared of, or over impressed by, FEA. 

https://www.bob-biomechanics.com
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