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• Course time: Monday 09:00 – 11:00

• Lectures – Lab (Room? Equipment?): 

 #1 Theory 1 – Introduction 

 #2 Theory 2 – Transformations

 #3 Theory 3 – Lagrangian Dynamics

 #4 Theory 4 – Kinematics / Dymanics

 #5 Lab 1 – Simple dynamics

 #6 Lab 2 – Arm dynamics 

 #7 Lab 3 – OpenSim introductionTheory

 #8 Projects

 #9 Theory 5 – Inverse Simulation

 #10 Lab 4 – Inverse Simulation

 #11 Theory 6 – Forward Simulation

 #12 Lab 5 – Forward simulation

 #13 Projects – VPH extrapolation

Course plan
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- How can we better understand life?

Why?

Introductory parts of this lecture is inspired by Marco Viceconti’s talk at TeDx-Sheffield
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One huge problem  Complexity
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- Divide and conquer  Reductionism

- This is what medicine does for the last 2000+ years…

How to deal with this problem?
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- Hierarchical decomposition into parts. Parts  subparts 

subsubparts. 

- Then deal with each minor part PRETENDING that each 

part is independent

Reductionism
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- And… how surprising it WORKED

- Our understanding on the human body increased together 

with our ability to heal diseases

- But as every thery it works until it does not

- We are in such a position today!

- Let us check four diseases that have severy socioeconomic 

impact to the society

- Cardiovascular

- Cancer

- Diabetes

- Osteoporosis

- Very little in common except one thing

- Cannot be explained by looking only at a single part of the body

Why?
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- Very little in common except one thing

- Cannot be explained by looking only at a single part of the body

Why?



9

- Example of an elderly person: osteoporosis, visual 

impairement, week muscles, probability of falling...

- How can we treat this issue by looking only at specific 

organs. 

- Two of the most important conditions in the EU today are 

falls and frailty... Global conditions

Why?
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- However reductionism is still popular If we go down and 

down to the DNA then everything can be solved magically, 

since the signature of every organ is coded in the DNA

- https://www.youtube.com/watch?v=wxRHZ4D0zJk

Why?

https://www.youtube.com/watch?v=wxRHZ4D0zJk
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- Experiment of applying a presure on the hand to modify the 

production of proteins of a specific cell DNA is an 

important but not sole controller!!!

Why?
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- But how to deal with such a complexity if not considering 

reductionism as our only tool?

- Computer simulations!

- Practically

- Take the knowledge that has been produced for the human body

- Express it in mathematical terms

- Produce computer programs that simulate its behavior under 

specific conditions 

- Multi-scale

- Human body 

- Organ

- Tissue

- Cell 

- Molecule

- Interaction among levels

Why?
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- So what???

- One more important issue to deal with

- Personalization  patient specific modeling

- Example of the VPH video on how things could be in the 

future…

- VPH  the future

- Not so far away  Electronic health records

- Examples

- Lung myAirCoach

- Eyes  NoTremor

- Arm  NoTremor

-

Why?
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Why?
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Virtual Physiological Human

• The human body is like a jigsaw
puzzle made of a trillion pieces.

• Currently we try to understand the
whole picture by looking at a single
piece, or at a few closely inter-
connected pieces.

• The Virtual Physiological Human is
the frame within which we can
finally start to place the pieces all
together, and the glue that connect
them.

• Where do Diagnosis & Treatment fit
on the above?
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Modeling
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Modeling
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Data
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Data
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Virtual Physiological Human

14

rate chapter. 

The limits of each area are inevita-

bly fuzzy. The detailed charting of 

this research territory is the primary 

scope of this roadmap. 

Maturity levels

Three maturity levels (and poten-

tially a fourth) were identified for 

Digital Patient technologies as illus-

trated in the figure on page 15. Ma-

turity levels indicate a measure of 

‘what is achievable now’ and ‘what 

will be achievable in the future’, or, 

more simply, the different ‘ages’ of 

the Digital Patient.

Interactive health analytics consid-

er the development of exploratory 

interfaces that enable a more holis-

tic exploration of the data currently 

available at multiple points of care for each patient; here 

the goal is improved fusion of all existing knowledge about 

each patient – individualised knowledge fusion.

Individualised health management implies that the avail-

able clin ical data are not only explored, but truly integrated 

into simulation-based decision support systems that guide 

fully-individualised treatment decisions; the goal is indi-

vidualised care.

The patient avatar involves a more global integration of 

data collected at the point of care and at the ‘point of life’, as 

well as a broader range of simulations of pathophysiologi-

cal processes, not necessarily related to the specific disease 

in question. The result is truly integrative medicine, capa-

ble of coping with patients with poly-disease and complex 

cases more effectively; the goal is the full realisation of the 

Digital Patient vision.

Once the Digital Patient technologies are fully deployed, ev-

ery hospital in Europe will generate a volume of integrated 

clinical data about real individuals on a daily basis. This 

“one million Digital Patients” database could subsequently 

be used for what-if simulations to inform public health de-

cisions; the goal here is ePublic health (potentially the 4th 

level), where policy decisions can be made on the basis of 

reliable computer simulations of the different scenarios.46 

A Digital Patient is a technological platform which enables 

46 Maturity level 4: ePublic Health has been considered a very long term 

challenge and thus not discussed here in detail. It should be considered 

in future support actions /  research roadmaps.  

interactive health analytics (ICT support to the exploration 

and the understanding of the patient health status from a 

large amount of digital data), individualised health man-

agement (individualisation of prevention, diagnosis and 

treatment), personal health forecasting (citizen-centric 

health management, where the ICT provides to each of us 

predictions on how our daily choices will impact our health 

and well being status).

Use cases

Throughout the development of the Roadmap we worked in-

tensively with the notion of ‘use cases’ or clearly “what  is 

it for?”. After consultation with clinical experts, their views 

were that they could use the Digital Patient for:

1. Decision: To provide decision support systems based 

on the Digital Patient technologies, with particular ref-

erence to prevention/procrastination, diagnosis, prog-

nosis, treatment selection and monitoring, and disease 

management 

2. Explanation and presentation: To support the commu-

nication between clinical scientists and frontrunners, 

and the medical specialist (understanding- and infor-

mation-based medicine), her/ h is peers (consultation, 

teamwork), care providers, and the patient (patient-

doctor communication)

3. Execution: To provide computer aided medicine sys-

tems that support the clin ical specialist in the preven-

tion/procrastination, planning, execution, and assess-

ment of the treatment

Technological challenges: Main areas
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Levels of modeling

Modeling levels

• Cellular level

• Molecular level

• Organ level

• System Level

• Full-scale body level

• Neuromusculoskeletal level
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What is a virtual human?

• Is this a virtual human?
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What is a virtual human?

• Is this a virtual human?
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Virtual humans

• Their properties?

• Perceiving entity

• Actuating

• Autonomous

• Mimics life

• …

• …

• …

• …

• …



25

Virtual humans

• Sensors

• Virtual cameras

• Force sensors

• …

• Actuators

• Virtual muscles

• Wheels

• …

• Controllers based on

• Kinematics

• Dynamics

• … + Physics



26

Humans vs. Virtual Humans

• Differences?

• Physics

• Time

• Lives in the virtual world
with a virtual clock!

• What is “real-time”?
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Life pyramid

• D. Terzopoulos, Artificial Life…
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What is a virtual animal?

• Is this a virtual animal?
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What is a virtual human?

• Is this a virtual human?
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Is this a virtual creature?

• Is this a virtual creature in the VPH sense?
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Virtual Humans

• Animation vs. Simulation

NO!!! YES!!!
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Animation

- Keyframe based animation

- Keyframes manually edited

- Alternative: motion tracking

- Skeletal motion applied 

to skin
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Simulation
• Definition of physical laws

• Gravity

• …

• Definition of physical 
properties

• Mass

• Elasticity

• …

• Definition of simulation-
specific quantities

• Viscosity

• Constraints

• …

Now what???

M F  

Numerical integration 

(Timestepping)
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Applications in medicine

• Accessibility engineering

• Without simulation: Testing products, 
software with real patients

• With simulation: Testing products in a 
virtual prototyping step with virtual humans

• Virtual physiological humans

• Virtual humans that replicate human 
physiology, useful for:

• Drug discovery

• Personalized treatment (pharmaceutical, 
surgical, etc.)

• Medical research…
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Simulated ergonomics/accessibility

• Motivation:
• Analyze the design of products in terms of its 

ergonomy/accessibility in a virtual prototyping step

• State-of-the-art solutions
• Real prototype

• Real test with users/disabled

• Expensive, time consuming

• Manual kinematics

• Simulation based solutions
• Simulated accessibility/ergonomy evaluation

• Physiological human modeling

• VPH simulation
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User model example
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Simulation methodology
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Example: Car interior-kinematics

…in cooperation with CERTH/ITI
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Example: Car interior-dynamics

…in cooperation with CERTH/ITI
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Example: Workplace-dynamics

…in cooperation with CERTH/ITI
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Output metrics example
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Virtual Physiological Human

• Motivation:
• New research area, active for less that 10 years

• Mathematically model parts of the human body

• Augment factors like experience, clinical tests in 
medicine and drug discovery with quantitative 
models and simulations of behavior

• Simulation based solution
• Test of new drugs in a simulated VPH environment 

in a virtual prototyping manner

• Analysis of macroscopic results of medical 
treatment (quality of life)

• Personalized treatment

• Significant tools for research in medicine
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Example ACL tear
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Example ACL-knee problems
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Modeling
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Modeling

• Biomechanical knee model based on OpenSim

• Ligaments added to the model
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Modeling

• Biomechanical knee model based on OpenSim

• Ligaments added to the model

• Parametric model so as to allow for 
customization:
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Modeling

e.g. physical vs synthetic transplant

Rough model customization

Potential activities to be simulated

Surgical decisions
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Experiment

• Swing action

• Half cycle swing action

• No environmental response

• Fixed at pelvis

• Estimates

• Active muscle forces

• Passive ligament forces 
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Swing action
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Results

Surgical question: Positioning?
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Jump
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Gait
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Results
Surgical question: Positioning!
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Results
Surgical question: Positioning!



56

Not always successful



• Advantages:

 VPH simulation of the knee with all the benefits this 

implies…

• Limitations – Future work:

 Evaluation of the forces on the menisci (deformable 

objects!!)

 Actions with environmental response

Discussion – Future work


