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Presentation Notes
Abstract: For vehicle safety and the evaluation of vehicle structures, the development of crash dummies is crucial. These human-like dummies are used in crash tests to analyze the effects of collisions on the human body. 
The state of knowledge shows that current crash test dummies work according to the principle of determining physical load variables. This method cannot fully capture the complex variability of injuries resulting from road accidents.
The aim of this work is the development, construction and testing of a new type of dummy with biofidelic properties for the visualization of complex injuries. A concept is being developed to directly visualize injuries to the dummy caused by material damage. The design of the biofidelic dummy is based on human anatomy and trauma biomechanics. By selecting different materials, a dummy is produced that can directly represent many complex injuries.
The biofidelic dummy is analyzed in sled tests and crash tests. The successful validation of the biofidelic dummy shows that it is possible to derive a correlation between dummy material damage and human injuries.
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This presentation explores the development and validation of a biofidelic dummy, designed to replicate human biomechanics in crash scenarios. Key institutions involved in research and testing will be introduced.
The core function of the dummy is to improve the accuracy of injury prediction in crash tests. The development process involves material selection, biomechanical studies, and iterative improvements to enhance biofidelity.
The model undergoes extensive validation through sled tests and full-scale crash tests to ensure realistic performance and reliability under impact conditions.�Biofidelic dummies play a crucial role in vehicle safety. Future advancements will focus on increasing precision and expanding their applications in crash testing and injury prevention research.



Introduction - Biofidelic-Dummy (PRIMUS breakable)

* Bone components
* Ligaments and tendons
* Soft tissue

* Anthropomorphic geometry

* Real range of motion
* Age, weight, height and mass distribution 50-

percentile

 Inertial measuring unit in head, pelvis and thorax
* Correlation between dummy damage

and human injury

Source: Crashtest-Service
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The biofidelic dummy is designed to closely replicate human biomechanics and injury behavior. It features anatomically accurate bone components, ligaments, tendons, and soft tissue, ensuring a realistic response under impact conditions. The anthropomorphic geometry is based on a 50th-percentile adult, with age, weight, height, and mass distribution matching real human characteristics.
A key advantage is its realistic range of motion, enabling more accurate kinematic studies. Additionally, the dummy is equipped with an inertial measurement unit (IMU) in the head, pelvis, and thorax, providing detailed motion and acceleration data. This allows for a correlation between dummy damage and human injury, enhancing the predictive accuracy of crash simulations and safety assessments.



Institutions responsible for the dummy project

HTW0D

Research,
development,
testing

CTS

crashtest-service.com

Manufacturing,
testing, sales
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The development of the biofidelic dummy is a collaborative effort between HTWD and CTS, combining research expertise with manufacturing capabilities.
At HTWD, the focus is on research, development, and testing. This includes biomechanical studies, numerical simulations, and prototype validation to ensure the dummy accurately represents human kinematics and injury mechanisms. Advanced material modeling and impact analysis are key aspects of this phase.
CTS takes over the manufacturing, testing, and sales of the dummy. Using high-precision production techniques, CTS ensures the quality and durability of each unit. Rigorous testing is conducted to verify compliance with industry standards, and the company manages distribution to research institutions and automotive safety teams worldwide.
This partnership ensures a scientifically validated, high-quality product for injury biomechanics and crash testing applications.



I Model core function

Correlation between human injury and material
damage to the dummy
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The model's core function is to establish a link between human injuries and the material damage sustained by the dummy.
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The development of a biofidelic crash test dummy is an extensive product creation with many complex interrelationships. The direct orientation towards humans in terms of anthropometry and biofidelity poses an additional challenge in developing an anatomically and biomechanically optimal solution. Many components of the human body cannot be manufactured. This means that a great deal of research, development and design work is required with numerous iteration loops until the desired shape with biofidelic function can be achieved, which fulfills the requirements. By structuring all the essential relationships, a general methodology is derived that can meet the demanding requirements. This is based on VDI Guideline 2221 and consists of four phases. All necessary information can now be compiled in a structured manner, phase by phase, and compared with the requirements before being incorporated into the final design. This prevents important and necessary information from being omitted. 


Development - example thorax
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The anatomy research provides results of the proportions and explains the complex structure of the model. This context is necessary for understanding biomechanics. The function of injuries must be worked out for the application area of road traffic accidents. In this way, functional relationships can be derived and mechanisms for the representation of injuries on the dummy can be developed. The third phase includes the description of the human tissue with material parameters (e.g. density, flexural and tensile strength). In this step, the choice of material also influences the geometry of the designs while maintaining the biomechanical function as far as possible. The geometry to be created is based on the partial results of the first three phases and is created as a 3D model using suitable CAD software. The development and design of the entire dummy is divided into nine construction groups based on the subdivision into body regions of the simplified injury scale AIS.


I Construction — example of femur dimensioning



Presenter Notes
Presentation Notes
The CAD software CATIA V5-6 from Dassault Systèmes was used to design the dummy. This software can be used to create complex solids and procedural surfaces, which can be combined and organized parametrically and associatively into assemblies. The CATIA “Rapid Prototyping” module is also suitable for preparing the results required for subsequent production. In order to achieve the required bone values the design with the bone substitute material must be larger. This reduces the installation space for the bone scaffold. Individual simplifications are therefore made in places where no functional impairment is expected. 


Development and design results

Dummy skeleton

Dummy size:
Dummy weight:
Assemblies:

Parts:

Number of different

materials:

1,75 m
79 kg

238

Dummy with soft tissue replacement
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The overall result of the design is shown in the assembled state (left) in the deep layer with cones and joints and as a complete design (right) with all soft tissue components and the skin. The general specifications regarding size and weight are based on DIN 33402-2 of the 50th percentile. These are 1.75 m for height and 79 kg for body weight. This results in a BMI value of 25.8 kg/m2. 


I Validation and testing
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N
S
E 3 Material selection
2. | o L
) Material characteristics /<
= A4 /
q>) 4 Construction
= € > CAD draft «

Y

Iterative stepping forward or

Production and assembly

backward to one or more work steps

Validation and testing

=~ V—ﬁ N
Sources and Experimental Interpretation of
databases ) analysis results
Voluntary test Sled tests — Report
PMHS tests Crash tests

L1 GIDAS accidents

iterative comparison with
references



Presenter Notes
Presentation Notes
This Figure shows the excerpt of the development process with the link between the validation and testing of the biofidelic dummy. If, after validation crash tests, there are serious differences in the interpretation of the results compared with the real test, e.g. unrealistic separation of limbs at low loads, it is planned to iteratively return to the development and construction of the dummy. Optimization is carried out by locally changing the material and/or geometry. If this process is continued continuously, the performance spectrum can be increased and outstanding requirements can be met.


I Sled tests

—  Frontal impact

— Voluntary tests

Sources and —  Rear impact
databases

—  PMHS tests

— Side impact
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The content of this section deals with the description of reference cases that are suitable for the reconstruction of tests with the developed biofidelic dummy. The data come from documented voluntary tests and cadaver tests. The cases are researched in conjunction with a feasibility study. This contains anthropomorphic requirements of the test subjects as well as restrictions regarding the means of reconstruction. The technical data of the dummy with regard to size, weight and mass distribution, represent the requirements for the test subjects, corpses or injured persons. Detailed documentation of the test set-up is necessary for the reconstruction of subject and cadaver tests.


Test subject and crash test dummy compared at maximum head deflection [15]
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To determine the head angle Ψ, a local coordinate system is created in the high-speed image using three facet points. In relation to the global coordinate system, it is now possible to specify the rotation of the head around the z-axis as a function of time. This curve is shown together with the data from the subject tests. In contrast to the head acceleration, the investigation of the head angle in the study by Ono et. al was documented as a function of the tensed and relaxed neck muscles. This influence is also shown in the diagram. The two black dashed lines show the values of the subjects with tensed muscles and the two black solid lines show the range of the subjects with relaxed neck muscles. The backward head movement of the dummy reaches an amplitude of 32° at a time of t = 176 ms. This is within the range of the subjects' tensed muscles. The backward movement of the head cannot be compared with the biofidelic dummy due to a lack of data from the study. The measurements of the test subjects end after approx. 250 ms. The graphs show that the oscillation period of the test subjects could be longer than that of the dummy head. This difference could be related to the different test conditions. The time course of the sled delay is not clearly documented in the study. 


Full-scale crash tests
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figure 35: Overview of full-scale crash tests
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Full-scale crash tests refer to tests in which real vehicles in real size are used to investigate the behavior in collisions or accidents. The dummy developed and constructed as a result of the research question is examined in this subsection in relation to the core function. The correlation between material damage and the occurrence of injury in crash behavior is evaluated by simulating real accidents in crash tests. The cases of the GIDAS database are carried out on the CTS outdoor crash facility in full scale. In the following, the material damage to the dummy is compared with the medical diagnoses and documents of the individual cases. 


Full-scale crash tests: car-tree 65 km/h

Accident tree collision [16] Crash test tree impact
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The tree impact test with a collision speed of 65 km/h was carried out twice. In the first test, the tree detached from the ground anchorage. With the optimization of the test setup and another undamaged vehicle with dummy, the second test was successful. The Figure shows the comparable vehicle damage from the real accident and the crash test. 


I Injury comparison: car-tree 65 km/h

Human: Dummy:

serial rib fracture 2-7 r. serial rib fracture 3-7 .

X-ray of serial rib fracture 2-7 r. [16] Technical autopsy serial rib fracture 3-7 r.
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There are three injuries on the dummy which correspond to the injured person. The presentation of the serial rib fracture is particularly noteworthy. This injury is of increased relevance due to its high degree of severity. If more than five ribs of one half of the rib cage are fractured, this is clearly an AIS injury 450213.4 with a severity grade of four. The comparison with the X-ray image shows that five of the six ribs are broken in a similar way. The resulting head acceleration in a period of approx. 30 ms is over 50 g with a maximum acceleration of 65 g. As there is no skull damage in the technical autopsy, it is assumed that an acceleration-relevant injury is possible. This assumption is partially confirmed by the WSTC (Wayne State Tolerance Curve). With the existing load levels, head injuries are possible for the frontal impact. The AIS database can only be used to narrow down the range of possible injuries. At this point, a minor to severe head injury is possible. 


Injury comparison: car-tree 65 km/h

Injuries real accident 1180018

Damage dummy crash test 2

description AISGO5 min. correlating description AISGO0S5 min. max. correlating description AISGO5 max.
temporal contusion 140606.3
hemorrhage . . .. . .
Jiffuse subarachnoid 1206942 mild traumatic brain injury 161000.1 severe traumatic brain injury 161006.3
hemorrhage
abrasion over right eye lat. 210202.1 no correlating damage
hematoma under left clavicle |[410402.1 clavicle fracture 1. 750500.2 medial clavicle fracture (proximal) L. 750511.2
pulmonary contusion 441410.3
hematothorax r. 442200.3 no correlating damage
serial rib fracture 2-7 re. 450213.4 serial rib fracture 3-7 r. 450213.4 serial rib fracture 3-7 r. 450213.4
1o injury fracture of thoracic vertebrae 650416.2 large thoracic vertebra fracture 650434.3
abrasion right hand lat. 710202.1 soft tissue injury hands lat. 710099.1 abrasion hands lat. 710202.1
simple forearm fracture r. 752253.2 simple forearm fracture r. 752253.2
no injury - - - - -
knee r. outer/internal ligament 840405.2 knee r. outer/internal ligament partial tear | 840406.2
MAIS =4 min. MAIS =4 max. MAIS =4

ISS =26 (Polytrauma)

ISS,,;, = 24 (Polytrauma)

ISS,,.x = 34 (Polytrauma)
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With the simplified injury scale AIS, a correlating minimum and maximum injury can now be assigned for each component and assembly-related damage. This makes the realistic and comprehensible assessment of possible injuries visible. 
As the following Table shows, further injuries occurred in the real case and further damage occurred in the crash test. The overall description of the injury severity (MAIS) corresponds to four in both cases. The measured thorax accelerationis not considered for the assessment of injury because the ribs are already broken in the test. 


Evaluation

Database-dependent survival probability [17]

AlS-code | color AIS injury severity NTDB [%] GIDAS AIS [%] GIDAS MAIS [%]
0 uninjured 100 100 100
1 minor 99,3 99.8 99,9
2 moderate 99,2 99,4 99,6
3 serious 96,5 98,3 95,8
4 severe 85,4 74,6 74,9
5 critical 60,4 61,5 42
6 maximum 21 0 0
9 not further specified

NTDB National Trauma Database, GIDAS German In Depth Accident Study,
AIS Abbreviated Injury Scale, MAIS max. AIS value

Visualization of local injuries
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By clearly assigning all individual injuries to the AIS scale, the injury severity of the dummy can now be determined on the basis of the maximum individual AIS value, the so-called MAIS value. A statement on the probability of survival is made in connection with the AIS code with databases (NTDB , GIDAS ). In the following Table, all individually assigned and calculated AIS injury degrees can be evaluated with regard to the probability of survival. 



Summary

Dummies for
standardized tests

not all relevant injuries
can be visualized

human injury
mechanisms are very
complex

no omnidirectional use
possible

Dummy development with
a biofidelic approach

Validation

seat sledge test:

realistic response behavior
in the application of the
vehicle crash

crash tests:

5 out of 6 tests are within
the range of real injury
severity (MAIS-related)
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The subject of this work is the development of a new type of crash test dummy with biofidelic properties for the representation of demanding injuries. The systematic development is limited to the direct representation of human injuries for short-term dynamic applications, such as vehicle crashes. By defining the core function, the correlation between material damage to the dummy and human injuries, a systematic development process was created and implemented. The combination of the four specialist areas: Anatomy, biomechanics, materials engineering and design, made it possible to implement the core task. The design is based on the human anatomy, but is influenced by the functional biomechanics and the selected materials. Once the entire dummy had been manufactured and assembled, the validation process was initiated. This involves checking the development with regard to the requirements and function. Experimental tests of the biofidelic dummy were carried out with sled tests and crash tests. Tests with non-destructive load cases were carried out on seat sled systems. The movement and loading of the dummy was simulated using referenced frontal, side and rear impact tests. The data from the literature used for a comparison are very well represented by the dummy sled tests. The lateral movement behavior of the dummy deviates from the documented PMHS test. The reasons for this are test differences and general disadvantages of cadaver tests, which make a reproducible comparison difficult. The elaborate tests to recreate real vehicle accidents aim to directly demonstrate comparable injuries on the dummy. Material damage to the dummy was compared with the GIDAS data of the injured road users. This made it possible to establish that the dummy fulfills the core function (correlation between human injury occurrence and material damage) for many injuries. With this dummy, it is possible to indicate injuries caused by local material failure and to classify the severity of the injury using the AIS injury scale. The design of the dummy is based on human anatomy and biomechanics. This enables the direct visualization of injuries for other areas of application. 


I Application and outlook

Application FEM simulation model Research subjects
- \

£

E-scooter crash test setup [18]

Seated application in special protection [19] Rib series fracture in the FEM simulation

Enhancement using hollow and full organs in the thorax area
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The biofidelic dummy developed and produced is already being used in several different vehicle safety categories. Due to the biofidelic structure and the core function of indicating injuries caused by material damage within the load ranges, the dummy is suitable for many different crash tests. Complex issues and new mobility concepts relating to unprotected road (E-scooter) users increase the need to carry out crash tests with dummies. 
In the area of vehicle safety for special protection solutions (e.g. armored civilian vehicles), the use of the dummy is already prescribed in a directive. The Association of Test Centers for Attack-Resistant Materials and Constructions (VPAM) defines the current requirements with regard to blast resistance using the biofidelic dummy. This is VPAM-ERV version 3, which uses the core function of the dummy to indicate human injuries with material damage. If there is no damage to the dummy during the test, the test is deemed to have been passed.
Especially for this application in special protection, a complete FEM model was also created as a digital twin of the biofidelic dummy for the IMPETUS solver. It contains 232 components consisting of approx. 390,000 nodes and approx. 260,000 elements. The FEM simulation offers an efficient and precise method of simulating different scenarios before physical tests are carried out. This can save considerable costs and resources.
In addition to industrial applications, the results of this work are also of interest for research projects. The influence of muscle activity in the crash behavior of vehicle safety is being investigated in the project “Development of a biofidelic crash test dummy with muscle activity to achieve realistic collision sequences” at HTW Dresden. The biofidelic dummy is equipped with pneumatic replacement muscles. With existing muscle activity, realistic motion sequences can be simulated.
Another research project “Development of a biofidelic organ dummy with hollow and full organs in the thorax and head area to simulate pressure trauma as a development tool for protective clothing and systems” at HTW Dresden is addressing the question of how pressure trauma can be simulated in crash tests. For this purpose, the constructed dummy is extended with hollow and solid organs in the thorax area. This will make tests with protective clothing and systems using the biofidelic dummy as a development tool more meaningful.
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