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Project VIRTUAL 

Open access virtual testing protocols for enhanced road user safety
using Human Body Models



2Christoph Leo, Graz University of Technology| © 2022 carhs.training gmbh

Why holistic assessment?
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VIRTUAL pre-crash simulations 
Pre-crash
simulation

VisualisationScenario Generation

Simulation Models

Simulation platform
sceneryConfig.xml
<Agents>

<Agent id="0" priority="0">
<Components>
</Components>

</Agent>
</Agents>

agentConfig.xml
<Agents>

<Agent id="0" priority="0">
<Components>
</Components>

</Agent>
</Agents>

motion sequence
moving pattern

Environmental 
conditions

agent0.csv
time;x;y;h;collision
0;59.8782;0.8172;false
10;58.8782;0.8172;false
20;57.8782;0.8172;false
30;56.8782;0.8172;false

Impact location 
and velocity

vision rays

sensor
position

field of view

Schachner, M., Sinz, W., Thomson, R., and Klug, C. (2020). Development and evaluation of potential accident scenarios involving pedestrians and AEB-equipped vehicles to demonstrate 
the efficiency of an enhanced open-source simulation framework. Accid Anal Prev 148, 105831. doi: 10.1016/j.aap.2020.105831

VIRTUAL pre-crash tool 
available at www.openvt.eu
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VIRTUAL pre-crash simulations 
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VIRTUAL testing scenarios for the pre-crash simulations –
accident data

Macroscopic Databases
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VIRTUAL testing scenarios for the pre-crash simulations –
scenario catalogue

VIRTUAL 
testing 

scenarios

Injury Severity

Conflict Situation

Boundary Conditions

p(accident

scenario)

p(slight)

p(SCPPL)

p(v_veh)

p(v_VRU)

p(road_cond.)

p(other Conflict

Situations)

p(v_veh)

p(v_VRU)

p(road_cond.)

p(severe)

p(Conflict

Situation)

p(v_veh)

p(v_VRU)

p(road_cond.)

p(fatal)

p(Conflict

Situation)

p(v_veh)

p(v_VRU)

p(road_cond.)

Catalogue of 
VIRTUAL testing 

scenarios between 
vehicle and VRUs
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VIRTUAL pre-crash simulations 
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VIRTUAL pre-crash simulation results

Avoidance Rate 
(considering 

scenario probability)
81.7%

Avoidance Rate 
(considering 

scenario probability)
53.8%

Pre-crash
simulation
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VIRTUAL Design of experiments – Data analysis

Results of pre-crash simulation of 
the VIRTUAL testing scenarios

Output of the pre-crash 
simulation of the VIRTUAL

testing scenarios and 
input for further 
investigations:

• Collision speed vehicle
• Collision speed VRU
• Collision angle
• Collision position
of each simulation.  

𝑃𝑃(𝑆𝑆𝑗𝑗)…probability for 
certain scenario 

Distribution according to the 
occurrence probability for:
• Collision speed vehicle
• Collision speed VRU
• Collision angle
• Collision position 
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In-crash simulation in VISAFE-VRU 
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VIRTUAL in-crash simulations 
In-crash

simulation

Validated Models

Vehicle Model

OS-HBMs (VIVA+)

In-Crash 
Simulations

Post processing 
of HBM Results

DYNASAUR available: 
https://gitlab.com/VSI-TUGraz

Injury 
probability

p(injury)

p(fracture)

Catalogue of VIRTUAL 
in-crash scenarios 

between vehicle and 
VRUs from DoE
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VIRTUAL Design of experiments

Design of Experiments

• Selection of an acceptable number of scenarios for in-
crash simulations.

• Trade off between occurrence probability of scenarios 
and good space filling. 

• If only scenarios with high occurrence probability will 
be selected study area could not be covered 
sufficiently.

Requirements for DoE within VIRTUAL:
• Repeatability: every user should get the same result.
• Easy to Handle: applicable without much effort for the 

user. 

Design of Experiments

Catalogue of VIRTUAL 
in-crash scenarios 

between vehicle and 
VRUs from DoE

DoE
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VIRTUAL in-crash simulations 
In-crash

simulation
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 Automatic evaluation of the simulations with 
the help of DYNASAUR and Jupyter.

 Jupyter notebook available at the OpenVT
platform.

 Injury risk curves (IRC) for proximal femur and 
femur shaft for the 50th percentile female 
already published (based on experimental 
data).

 Currently working on an publication for IRC 
for 50th percentile female tibia. 

VIRTUAL in-crash simulations – Post processing of HBM 
Results

In-crash
simulation

Post processing 
of HBM Results

DYNASAUR available: 
https://gitlab.com/VSI-TUGraz

Injury Risk curve for 
proximal femur 
fractures (Schubert 
et al. 2021)

Injury Risk curve for 
femur shaft 
fractures (Schubert 
et al. 2021)

Injury Risk curve for 
tibia shaft fractures 

Schubert, Alexander; Erlinger, Nico; Leo, Christoph; Iraeus, Johan; John, Jobin; Klug, Corina (2021): 
Development of a 50th Percentile Female Femur Model. In: International Research Council on the 
Biomechanics of Injury (Hg.): 2021 IRCOBI Conference Proceedings. IRCOBI Conference. Munich
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Criteria Based on Sources

HIC Resultant Head CoG accelerations filtered 
with CFC1000. Schmitt et al. 2019

DAMAGE MPS
DAMAGE using head rotation sensors 
implemented in VIVA+ definition files, 
filtered with CFC60.

Gabler et al. 2019
Wu et al. 2022
Technical Bulletin TB0 35

Risk of fractured ribs

Risk per rib determined based on 
maximum strain per rib.
Combined to overall risk of fractured ribs 
using probabilistic method.

Larsson et al. 2021
Forman et al. 2012

Proximal Femur Fracture
Risk

Risk based on MPS99 using risk curves 
calibrated for VIVA+ model. Schubert et al. 2021

Femur Shaft Fracture Risk Risk based on MPS99 using risk curves 
calibrated for VIVA+ model. Schubert et al. 2021

Tibia Shaft Fracture Risk Risk based on MPS99 using risk curves 
calibrated for VIVA+ model. Not yet published

Knee Ligament Rupture
Risk

Risk based on beam elongation with 
corresponding risk curve Nusia et al. 2021

VIRTUAL in-crash simulations – What is evaluated to assess
the passive safety?

In-crash
simulation
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VIRTUAL Holistic assessment – Meta-modelling and injury 
prediction 
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simulation

In-crash 
simulation

Holistic
assessment

Validation 
with physical 

tests

Validation 
with physical 

tests

VIRTUAL 
testing 

scenarios

OS 
HBMs



19Christoph Leo, Graz University of Technology| © 2022 carhs.training gmbh

Meta-modelling and injury prediction

Injury probability for all 
simulations of the 

catalogue of VIRTUAL in-
crash scenarios

p(injury)

Catalogue of VIRTUAL 
in-crash scenarios 

between vehicle and 
VRUs from DoE

Meta-modelling and injury 
prediction 

• In-crash simulations are used to 
train a meta-model (regression 
model)

• Meta-model can be used to 
predict injuries of unavoidable 
scenarios which where not 
considered in the in-crash 
simulations 

Injury prediction for all 
unavoidable scenarios of the 

VIRTUAL testing catalogue 
between vehicle and VRUs  

Catalogue of 
VIRTUAL testing 

scenarios between 
vehicle and VRUs

Catalogue of VIRTUAL 
in-crash scenarios 

between vehicle and 
VRUs from DoE

Meta-model

p(injury)

Holistic
assessment
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Holistic Assessment for Generic Sedan vs. Pedestrian 
Holistic

assessment

lower best estimate upper lower best estimate upper lower best estimate upper lower best estimate upper
1a Concussion AIS1 8.09% 8.09% 8.09% 6.88% 6.88% 6.88% 7.21% 7.21% 7.21% 8.02% 8.02% 8.02%
1b Concussion AIS2 24.43% 24.43% 24.43% 16.59% 16.59% 16.59% 22.93% 22.93% 22.93% 18.52% 18.52% 18.52%
1c Concussion AIS4+ 38.87% 38.87% 38.87% 14.20% 14.20% 14.20% 45.79% 45.79% 45.79% 15.12% 15.12% 15.12%
2 Other skull - brain injury 43.17% 43.17% 43.17% 22.88% 22.88% 22.88% 40.62% 40.62% 40.62% 13.58% 13.58% 13.58%

11a Fracture of 1 rib AIS1 14.67% 14.67% 14.67% 5.10% 5.10% 5.10% 13.60% 13.60% 13.60% 12.97% 12.97% 12.97%
11b Fracture of 2 ribs AIS2 8.64% 8.64% 8.64% 5.30% 5.30% 5.30% 8.10% 8.10% 8.10% 2.68% 2.68% 2.68%
11c Fracture of 3+ ribs AIS3+ 27.39% 27.39% 27.39% 14.16% 14.16% 14.16% 17.54% 17.54% 17.54% 0.54% 0.54% 0.54%
22a Fracture of hip - left 7.14% 17.74% 30.82% 2.00% 12.58% 27.00% 16.21% 25.98% 37.63% 7.28% 15.93% 27.27%
22b Fracture of hip - right 9.69% 18.01% 28.73% 2.78% 10.07% 20.64% 36.94% 47.95% 57.37% 6.42% 17.32% 30.27%
23a Fracture of femur shaft - left 12.08% 18.35% 25.25% 3.68% 9.49% 16.62% 11.34% 17.14% 23.89% 2.66% 6.82% 12.44%
23b Fracture of femur shaft - right 15.88% 26.39% 36.97% 0.55% 3.21% 8.32% 12.48% 22.75% 33.55% 0.47% 3.08% 8.23%
24a Fracture of knee/lower leg - left 1.54% 2.61% 5.28% 0.02% 0.10% 1.04% 0.16% 1.22% 4.66% 0.02% 0.21% 1.58%
24b Fracture of knee/lower leg - right 1.61% 3.51% 7.46% 0.02% 0.24% 1.74% 0.53% 3.58% 9.64% 0.04% 0.61% 2.78%
27a Dislocation/sprain/strain of knee - left 98.22% 98.22% 98.22% 94.57% 94.57% 94.57% 92.94% 92.94% 92.94% 83.26% 83.26% 83.26%
27b Dislocation/sprain/strain of knee - right 99.60% 99.60% 99.60% 96.52% 96.52% 96.52% 98.96% 98.96% 98.96% 92.92% 92.92% 92.92%

Injury probability

Injury group
before intervention after intervention before intervention after intervention

FemaleMale
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Holistic Assessment for Generic Sedan vs. Pedestrian 
Holistic
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Holistic Assessment for Generic Sedan vs. Pedestrian 
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COST-BENEFIT TOOL FOR VEHICLE SAFETY

Measure: AEB pedestrians

Input Results

lower best estimate upper lower best estimate upper
Costs per vehicle Total costs € 2,000 € 2,500 € 3,000
 - Development costs
 - Manufacturing costs € 2,000 € 2,500 € 3,000 Number of injuries prevented
 - Repair/replacement costs after a crash  - Yearly 0.0015 0.0016 0.0018

 - Total vehicle lifetime 0.022 0.024 0.027
Crash risk (number of target crashes per vehicle per year)  - 1 injury prevented per … vehicles 46 42 37
 - before intervention 0.0003959 0.0003993 0.0004027
 - after intervention 0.0000740 0.0000747 0.0000753 Quality of life improvement (QALYs)

 - Yearly 0.0014 0.0017 0.0022
Road user characteristics  - Total vehicle lifetime 0.021 0.026 0.032
 - Number of target road users per vehicle 1  - 1 QALY gained per … vehicles 48                    38                    31                    
 - Average age casualties:   - male 50
                                                 - female 50 Benefits
 - Life expectancy:                - male 78  - Quality of life gains € 1,162 € 1,457 € 1,806
                                                 - female 83  - Medical costs reduction € 111 € 136 € 165
 - Proportion male target road user 52%  - Productivity gains € 276 € 362 € 465

 - Total benefits € 1,549 € 1,955 € 2,436
Vehicle life time (years) 15

Socio-economic return
Discount rate 3.0%  - Net present value -€ 1,451 -€ 545 € 436

 - Benefit-cost ratio 0.5 0.8 1.2

Cost-Benefit Analysis
Holistic

assessment
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VIRTUAL Integrated Safety Assessment Framework VISAFE-VRU
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 Currently only two adult anthropometries and one age have been considered  In the future, human 
variability should be further considered.

 Currently only one posture was considered per VRU   Analysis of real-world crashes have shown that 
avoidance-postures might be relevant.

 In the active safety assessment, currently no interaction between the VRU is considered.
 AEB system is very generic and does not consider environmental conditions (e.g. fog) which limit the 

detection capabilities.
 The generic Sedan model is simplified and provides a homogenous stiffness per structural part.
 For the in-crash simulations, only 50 simulations were performed with each anthropometry and road 

user  More simulations would improve the quality of the Metamodel.

Limitations
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 VRU safety assessment is performed over a wide range of scenarios while 
keeping the efforts required for simulations at a feasible level.

 User-friendly tools were prepared and tested.
 The potential of AEB systems to reduce crash and injury risks is shown.
 The examples used for demonstration are generic, but showcase that the 

socio-economic benefit of VRU protection is significant.
 Future research:

 further injury risk curve development to enable evaluation in further body regions 
(e.g. neck and upper extremities) 

 Other statures, children, age groups and other groups of VRUs (e.g. E-scooter 
riders)

Conclusions
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 What is available on the OpenVT platform:

 Pre-crash tool with VIRTUAL testing 
scenarios. 

 Jupyter notebook for data analysis of pre-
crash simulations.

 Jupyter notebook for DoE.

 In-crash simulation decks (VIVA+ models, 
bicycle models, generic vehicle models for 
demonstration).

 Jupyter notebooks for in-crash simulation 
assessment and meta-modelling.

 Cost benefit analyse tool.

 Documentation and demonstration use case. 

VIRTUAL OpenVT platform 

www.OpenVT.eu
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 Non-profit organisation
 Founded in October 2021
 Based in Zurich, Switzerland

The OpenVT Organisation

www.ovto.org

We need you! 
Looking for sponsors and contributors.



29Christoph Leo, Graz University of Technology| © 2022 carhs.training gmbh

Acknowledgement

This project VIRTUAL has received funding from the 
European Union’s Horizon 2020 research and 
innovation programme under grant agreement No 
768960.



Christoph Leo, Graz University of Technology| © 2022 carhs.training gmbh

The VIRTUAL Holistic Vulnerable Road User Safety 
Assessment
Christoph Leo – Graz University of Technology
Vehicle Safety Institute

Inffeldgasse 23/1
8010 Graz, Austria

T: +43 (0)316 873 30364
christoph.leo@tugraz.at
LinkedIn: www.linkedin.com/in/christoph-leo/

More information about the project 
VIRTUAL can be found at 

www.projectvirtual.eu
www.OpenVT.eu
www.ovto.org

This project VIRTUAL has received funding from the 
European Union’s Horizon 2020 research and innovation 
programme under grant agreement No 768960.


