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ABSTRACT 

The objective of this study was to develop a skull model with representative features for the skull that can be 
scaled or morphed, based on population-based data sets for both sexes. The model was to be integrated into the 
VIVA+ Open Source HBM that is uniquely defined by statistical shape models to facilitate studies of population 
diversity.  

The model was developed in 4 steps: 1) existing literature was used to identify material modelling parameters   
2) validation of the bone material models  3) head geometry for a 50%ile female head was created from a 
population based statistical mode. 4) simulations based on previous post-mortem human subject testing were 
undertaken to confirm the impact response for the head.  

The resulting head model was developed using a shell-solid-shell element configuration for the skull bones. The 
inner and outer cortical bone material was modelled with shell elements using LS-Dyna material model *MAT 
24 (non-linear plasticity), consistent with other bones in the VIVA+ model. The trabecular core in the bone was 
modelled by *MAT 63 (crushable foam). A shell layer for the scalp was produced by radially extrapolating the 
skull geometry. Likewise, a radially inward extrapolated brain surface was created and brain tissue was modelled 
using solid elements. The validated model has a mass of 3.69 kg and consists of 19344 shell elements and 40434 
solid elements.  

Simulations with the isolated head model to corresponding PMHS tests yielded satisfactory results depending on 
the area of impact and the presence of fracture. Limitations in exactly modelling the specimen and experimental 
conditions made exact duplication of the experimental results difficult. When local bone thickness was similar 
for the model and the experimental specimen, the model captured the force-time response to the point of fracture. 
Material failure was not included in the model and resulted in overprediction of forces and accelerations when 
fracture was observed in the physical specimens.  

The resulting head model for the VIVA+ HBM family provides robust and acceptable response for impact 
loading needed for evaluating vehicle safety systems. Its unique geometrical foundation facilitates scaling and 
morphing to address diversity in the population. The model has been successfully integrated in the VIVA+ 
model family and is available for download with the validation library. 

 

INTRODUCTION 

Human body models (HBMs) that explicitly model human tissues and structures have become more common 
and available for safety researchers and transport industry. The Toyota Motor Corporation began work in the 
1990’s to develop the Total Human Model for Safety (THUMS) that was first released in 2000 [1].  The model 
was developed to investigate road traffic trauma using predicted human biomechanical responses instead of 
inferred injury risk assessed with mechanical models like the Hybrid III and THOR Anthropometric Test 
Devices (ATDs). While ATDs provide physical measurements like displacements, acceleration, forces, etc., 
evaluations of injury risk are limited to discrete points on a mechanical representation of a human and injury are 
assessed by inferring “global” injury criteria for a specific injury type [2].  The term “global” is used for injury 
criteria based on the response of a body segment and in most cases is a kinematic response like head acceleration 
measured at the center of gravity. FE models like THUMS demonstrated how the entire body can potentially be 
used as a sensor and “local” or “tissue” based injury criteria can be developed. FE models can provide output 
from every node and element used to model the human. These local measurements in a HBM do not preclude the 
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use of “global” kinematics or injury assessments. HBMs are uniquely positioned to both use existing injury 
assessment criteria as well as refine our understanding of injuries within any human organ of interest. Previous 
work by the authors on head injuries [3] illustrated the use of FE simulations to study injury mechanisms and 
thresholds. In addition, the authors illustrated the relevance of studying uncertainty in the reconstruction process 
[4]. The next challenge is creating a model that can reliably predict the response of human tissues under injurious 
loading and provide stress and strain values for evaluating the onset and severity of injury. The model should be 
well documented with traceable modelling resources that allow uncertainty analyses to include parameters to 
both the loading environment and model itself. 

THUMS was the first widespread HBM for automotive safety, but medical and  biomechanics researchers have 
been developing FE-models of animal and human bodies or body segments in parallel. The most recent examples 
of full body HBMs include the Global Human Body Model Consortium (GHBMC) [5] and SAFER HBM [6]. 
These models are based on body tissue measurements using medical imaging for specific individuals. Using the 
individual’s measurements, the models are generated and scaled to represent a specific demographic segment 
like a 50th percentile male or 5th percentile female. Recent developments by Li et al. [7] have been used to 
personalize HBMs based on medical images. General scaling and morphing of FE models were also developed 
into an open-source resource in the PIPER project and available at [8].  

The open source model VIVA+ HBM was developed in the VIRTUAL project [9] and is available through the 
Open Virtual Testing Organisation (OVTO) [10]. Instead of using the scanned geometry of an individual, the 
model was based on statistical shape models (SSMs) such as those for the outer surfaces ( [11], [12]). This 
geometry was refined with high resolution geometry images from the original VIVA data set ( [5], [13]). Further 
refinements to the model are described in [9]. The VIVA+ model family is unique in that the base model is a 
sitting 50th percentile seated female. The male version and other statures and postures are scaled and morphed 
from the base model using the methods developed by Hwang [14]. This provides a consistent reference for 
studying issues related to sex and stature diversity in the population. 

A weakness in the original VIVA+ model was the head which was geometrically representative for the female or 
male versions, but the skull was defined as rigid, limiting its biofidelity for assessing head injuries. Assessing the 
risk of traumatic head injury is an important area for vehicle safety development and the impetus to upgrade the 
VIVA+. 

The skull can be divided into 2 main functional bone types. The cranium houses the brain and consists of the 
frontal, parietal, temporal, and occipital bones. Facial bones provide attachments for the facial muscles, house 
the eyes, as well as the jaw and oral cavity. All of these bones act as a protective barrier for the brain.  Head 
injuries can arise from direct impacts to the head or through inertial (indirect) loading.  These injuries to both the 
both brain and skull are very common among vulnerable road users in traffic crashes ( [15] [16] [17] [18], 
among others), vehicle occupants and also occur in contact sports, equestrian sports, and ground-level fall 
accidents [19]. Understanding the mechanism and threshold for injuries has been a topic of research for many 
decades. The mechanical properties of the skull and brain dictate how the external loads can produce damage to 
human tissues.  

All bones have irregular shapes and bones of the head are particularly diverse in shape and size. They can all be 
characterized by cross-sections generalized as an outer layer of dense, cortical bone, a layer of spongy trabecular 
bone (or diploë), and an inner cortical bone layer as shown in Figure 1 The relative thicknesses of these 3 layers 
vary dramatically, even within a specific bone.  

 
Figure 1: Cross-section of typical cranial bone [20] 

Both the geometry and material properties of the skull bones are affected by age and sex [21] [22]. Skull cortical 
bone thickness has been shown to decrease with age and sex, whereas females are subjected to cortical thinning 
with increased age for the inner and outer tables of the frontal, occipital, and parietal bones, with no significant 
changes were found for males [21]. The material properties have been shown to get weaker with increasing age. 
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As the population mean age is currently increasing, there is a need for greater efforts to further mitigate skull 
injuries and associated severe brain injuries for a wider population based on both age and sex.  

To investigate head injuries, several FE models have been developed using different approaches. An exhaustive 
review of all head models is beyond the scope of this paper, but the main head models that were relevant for 
review when developing the VIVA+ head were: 

• THUMS [1] 
• GHBMC [5] 
• SUFEHM [23] 
• KTH [24] 

These models have different strengths and weaknesses. Some have been created to represent several both sexes 
and different statures (THUMS [1], GHBMC [5]) while some have been developed explicitly for the 50th 
percentile male (SUFEHM [23], KTH [24]). All but the SUFHEM have been integrated on a whole body. All of 
these models share a common origin in the use of individual specific scans to generate the skull and brain 
geometry. 

Experimental response data from Post Morten Human Subjects (PMHS) has been the reference to validate the 
response of the models. Quasi-static force-deflection data  from Wood [25] and Bourah [26],  fracture data from 
[27] [28] and head [29] and brain response from [30] [30] [31] are common references for the reviewed head 
models. 

Further development of safety system development requires biomechanically relevant models that can capture 
the key processes in an injury event such as local deformations in bones and soft tissues. These models need also 
to provide flexibility for scaling and morphing the geometries to represent other individuals. A model of a head 
that can be used with the VIVA+ HBM should:  

• have the general characteristics of an average female (50%ile) 
• not be computationally expensive (relative to the whole VIVA+ model)  
• have a geometric definition that allows changes of the model to a traceable reference but does not contain 

individual-specific features that may exaggerate local structures during resizing operations or morphing.  

Ji et al. [32] mentions that caution must be taken especially for females when applying generic models to a 
specific subject of the actual brain morphology relative to the generic model. Thus, a statistical model of skull 
properties should be combined with available material modelling information to provide a state-of-the-art head 
model. 

 

RESEARCH QUESTION/OBJECTIVE 

The objective of this study was to develop a skull model with distinct features of the different skull bones, based 
on population-based data sets for both sexes. To achieve this objective, several goals were identified in that 
would allow the successive development of the model. These goals were:  

1) Establish a suitable FE representation of cranial bones including possible fracture 
prediction/implementation 

2) Generate a mesh representing a 50%ile female skull that is statistically representative of the population  
3) Evaluate the skull model performance in controlled impact configurations 
4) Integrate the skull on a compatible body to facilitate injury assessment and safety countermeasure 

development 

 

METHODS 

The workflow for the development of the head model, its validation to experimental responses and integration 
with VIVA+ models are illustrated in Figure 2. After the validation and integration, a further verification of the 
head response in the full body implementation was conducted. 
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Figure 2: Head Model Development Process 

Development 

Geometry and mesh  

Several configurations of cranial bone models are reported in the literature. Figure 1 highlights the sandwich 
type structure that can be represented by shell elements, solid elements, or a combination of both. THUMS [1] 
and KTH [24] use a shell-solid-shell configuration where dense cortical bone is modelled with shell elements 
and the softer trabecular bones are modelled with solid elements. The SUFEHM [23] uses three layers of shell 
elements while the GHBMC  [5] used solid elements to model all three bone layers.  Mesh density affects the 
computer resources needed to run the model.  

Material models for the cortical and trabecular materials were reviewed and bone component tests were chosen 
to derive the input parameters necessary. The cortical bone experiments from Wood [25] and Boruah et al. [33], 
and compression tests of cranial specimens by Borough [26] quantified the characteristics for the trabecular 
bone. Standard LS-Dyna material models were reviewed in addition to mesh sensitivity to identify suitable 
implementations. 

The head geometry represents an average female and male. As the models were intended to be integrated with 
the open source VIVA+ models, average anthropometry represented by VIVA+ was selected for head models 
(female: height 1.62 m, BMI 24 kg/m2; male: height 1.75 m, BMI 25 kg/m2) [9]. The outer shape of the skull 
was based on a statistical shape model developed by [34].  The segmented geometry used for the development of 
the previous generation VIVA model was morphed using the same control points as described by [34] using 
radial-basis function based morphing [35]. The mesh was developed to not create a critical time step lower than 
that already implemented in the whole-body model which was 5 mm for shell or solid elements of cortical bone. 
Standard mesh quality characteristics for aspect ratio, skew, and Jacobian were followed. 

The thickness of the skull varies over the skull. Historical skull models were based on medical images for a 
specific individual. Following the statistical modelling approach in the VIRTUAL project, statistical 
distributions of the skull thickness developed by [21] were referenced to establish scalp and skull thicknesses.  

Material Model 

While a bone exhibits viscoelastic behavior, the behavior of cortical bone alone is nonlinear elastoplastic. A head 
cortical bone response is strain rate dependent in two ways. Its elastic modulus and fracture strain and stress 
values both depend on strain rate. Several material models available in LS Dyna have been considered:   
*MATPIECEWISE_LINEAR_PLASTICITY (*MAT_024) ,*MAT_PLASTICITY COMPRESSION_TENSION 
(*MAT_124) , and *MAT_PLASTICITY_WITH_DAMAGE (*MAT 81 and *MAT_SAMP_LIGHT 
(*MAT_187L). The first model is a standard model used for many ductile metallic structures and the second is 
an extension of this model to allow different stress-strain behaviour in compression and tension. The *MAT_81 
model behaves in a similar manner as the *MAT_024 and *MAT_124 but has an option to include a damage 
model. Including a damage option in the material model allows the  stress-strain relationship to exhibit a strength 
reduction for an assigned strain that leads to a failure strain and resulting erosion of the element. This is to 
represent the accumulation of damage within the structure as strain increases.  *MAT_187L is the only material 
model that includes strain rate dependency of an elastic modulus. 

All four of these material models allow for non-linear plastic stress-strain curves to be defined and allows the 
user to use experimental material test results to prescribe the material response. Compared to other material 
models that have been used by other researchers such as *MAT_DAMAGE_2 (*MAT 105) in THUMS and 
*MAT_ENHANCED_COMPOSITE_DAMAGE (*MAT 55) used in SUFEHM [23], the metal based material 
models require much less input data to describe the constitutive behaviour. Wood [25] reported that the cranial 



Thomson     5 

bones exhibited isotropic behaviour and the necessity to include anisotropic material definitions was not 
motivated.                                                               

 

Validation 

After generation of an FE head model with material model definitions, the skull was subjected to several 
simulations of experimental tests involving PMHS subjects. To address possible impacts that may arise in safety 
analysis and observed in crash reconstructions [3] several load cases were implemented (Table 1). 

Table 1: Experimental conditions for validation (refer to catalogue) 

Experiment Impact type/location 
Delye 2007 [29] Pendulum impact on frontal bone 
Yoganandan 1995 [36] Blunt impact on frontal bone (drop test) 
Raymond 2009 [28] Blunt impact on parietal bone (impactor) 
Yoganandan 2004 [27] Temporoparietal impact (drop test) 
Thompson [37] Vertex impact (drop test) 

 

The physical experiments were restricted to the skull with fixations at the occipital condyles or drop tests with 
unconstrained skull. FE implementations included data extraction definitions to capture the force and 
deformation information that would allow direct comparison to the physical experiments. 

Integration 

After the skull model was developed, validated and exhibited acceptable performance, it was connected to the 
VIVA+ 50 percentile female seated model. The head is connected to the top cervical vertebrae (C0) with 
ligaments (modelled as shell elements [9]) and line elements representing the cervical muscles.  The initial 
application for the model was for pedestrian impacts so the seated model was morphed to the standing position.  
 
VIVA+ uses a morphing technique [14] to convert the female model to the male version and it was only after the 
head was connected to the body that the male head could be generated. It should be noted that any head-level 
validation for the male was conducted after this step was conducted. 
 

Evaluation 

An evaluation of the new model was conducted with severe PMHS pedestrian impact series to check if the 
model was robust and stable. Two reference studies were used, Paas [38] and Snedeker [39]. As the performance 
of the head model was of primary interest, only the head instrumentation data was used for comparison. 

 

RESULTS 

All validation results are available in the VIVA+ calibration catalogue [10]. The model and validation catalogue 
is updated whenever new data becomes available and may differ from the results used at the time of publication 
of this paper. 

Development 

Despite an extensive data set derived from the performed experiments ( [25], [26], [33]), the data needed for 
complete material modelling has not been found that address all loading environments for all relevant materials. 
For example, Wood [25] provides an abundance of tensile test results for cortical bones with several strain rates 
and Boruah [26] provides compression test data for the entire cranial bone thickness, there is no shear loading 
data for isolated cranial cortical bone. Compression data is not separated for the cranial and cortical bone 
contributions for the specimens in [26] so one must assume that the specimen’s compression response is 
dominated by the trabecular bone until the cortical layers come into contact.  

Simulation of the Wood dog-bone experiments [25] with the three first material models showed good correlation 
with tensile tests for all strain rates if the elastic modulus is adjusted for each strain rate. MAT_187L allows the 
definition of elastic modulus strain rate dependency and would be the best choice for cranial cortical bone. 
However, this model was more computationally expensive than MAT_024 that is already used in other 
components of VIVA+. Also, the subsequent simulation of head validation tests later in this section did not 
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suggest that the lack of elastic modulus strain rate dependency definition in MAT_024 had a large influence on 
the validation results when compared to the results performed with MAT_187L. 

 
Figure 3: Stress-strain for cortical bone: Experimental data - Solid lines, Simulation results - dashed line 

The trabecular bone was investigated from the compression tests by [26]. The best results were 
obtained using a *MAT_CRUSHABLE_FOAM (*MAT 63) material model. This simple material definition 
allowed the model to capture the force-displacement measurements from the experiment [26] as seen in Figure 4. 
The geometry for each specimen is not provided and the experimental curve in Figure 4 is a comparison of a 
specific specimen (geometry unknown) to a simulation based on the average specimen geometry provided by 
[26]. 

 
Figure 4: Compression test and simulation results (derived from [26]) 

The head model after meshing the scalp, skull, and brain surfaces is seen in Figure 5 and the detailed mass 
properties are provided in Table 2. The head model used in the validation tests reported herein weighed 3.69 kg 
and the relevant inertial data compare well to published data [40] [41]. The model consists of 19344 shell 
elements and 40434 solid elements. Only 30 shell elements did not fulfill internal Jacobian, warping, and aspect 
ratio criteria and 1027 solid element did not fulfill Jacobian, warping, skewness, and aspect ratio criteria. 
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Figure 5: VIVA+ head model 

Table 2: Mass Properties of the Female Base Model 

Mass 
[kg] 

Ixx 
[kgm2] 

Iyy 
[kgm2] 

Izz 
[kgm2] 

Head CoG (x) 
[mm] 

Head CoG (y) 
[mm] 

3.69 0.01581 0.01708 0.01093 15.3 31.67 

 

Preparation of for validating the skull model 

The isolated model of the head was validated against the experimental data listed in Table 1. It was found that 
the variations in head specimen sizes and in general complex head geometry make it difficult to exactly simulate 
the physical tests. Test results for specimens as close as possible to the 50%ile stature were used. Head model 
masses were adjusted to match the reported specimen information. When available, reported skull and skin 
thickness are compared to the relevant local model thicknesses. Due to the statistical modelling approach, 
adjusting the model’s local skull thicknesses to match the specimen was not in the scope of the project. 

Some experimental setups were not sufficiently described in the literature to ensure 100% duplication of the 
experiment. For example, the test setup described by [29] does not match the mounting details observed in some 
figures. Some additional information on the setup is found in [42], but  some measurements given in in [42] 
differ from one given by [29]. Also, the impactor position relative to the head at the moment of impact was not 
clear.       

Another example of incomplete experimental details is for the drop tests in [27]. The drop surface is described as 
“40-durometer padding (50 mm thickness)” without providing further material characteristics. Any errors in the 
padding definitions influence the resulting head response depending as the energy absorbed by the padding 
influences the test results.  

 

Frontal Bone Response ( [36], [29]) 

Two different test arrangements were identified with data corresponding to frontal bone impacts. Yoganandan et 
al. [36] conducted tests with a dropped impactor resulting in fracture as illustrated in Figure 6. Deley et al [29] 
used a more complex dual pendulum impactor presented in Figure 7. Only peak forces were reported in the 
articles and the figures present the time series data from both simulated experiments compared to the peak forces 
in the tests. This load case exhibited the greatest difference between the test and simulated case results.  
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Figure 6: Drop Test Results for Female FE Head Model Compared to Female PMHS Specimen [36] 

The scalp and skull geometries were very different for the specimens and model in the frontal region. The 
model’s cortical bone thickness was noticeably thicker for the frontal bone when compared to the specimens and 
is one explanation for the higher peak loads in Figure 7. Another reason for the higher peak loads for in Figure 7 
is the lack of failure prediction and fracture modelling in the simulations, thus predicting higher forces than those 
recorded for fractured specimens.  Scalp thickness was also noted to affect the peak loads and may be the 
explanation for underprediction of loads in Figure 6. As expected, scalp properties influence the peak loads 
developed at the contact site and [43] documented the increased strain energy absorbed in thicker scalp tissues. 

 

 
Figure 7: Double Pendulum Impact to Frontal Bone Results for FE Head Model Compared to PMHS testing 

[29] 

 

Temporo-Parietal Response ( [28], [44]) 

The VIVA+ head model exhibited force vs time response much closer to the experiments. Temporo-parietal 
impacts simulating the experiments by Raymond [28] are shown in Figure 8 and are an example of how the 
material models influence the results.   The gray shaded areas indicate the response corridor for PMHS data and 
is the performance target for the simulations. For low speeds (Figure 8, left graph), the simulations lie within the 
corridor for the entire event, note that no fractures were observed in the low-speed experiments. The higher 
speed impacts (Figure 8, right graph) exhibited factures in the experiments and a knee in the force-time corridor 
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is observed. The simulations fall within the corridors for the first 0.2 ms after which fractures occur in the 
experiments and the measured forces do not increase as quickly in PMHS tests.  

Simulations where no fractures were observed are depicted with thick solid lines in Figure 8 and do not exhibit 
any changes in slope that indicate a fracture, resulting in much higher peak loads. Simulations using *MAT 81 
(damage model) were conducted to investigate the inclusion of element erosion, simulating fracture. When a 
fracture was predicted in the model (thin dashed lines), the predicted forces did not increase as high and lie 
within the corridors for most of the event. It is noticeable that the forces for simulated fracture (dashed lines) fall 
off faster in the simulations than in the experiments. The simulation animations showed that when elements 
eroded in the model using *MAT81, large areas of the skull were lost and did not represent desirable model 
performance. 

 

  
Figure 8: Temporo-parietal Impact Results for FE Head Model Compared to PMHS testing (derived from 

[28]) 

The simulation results for lateral drop tests of the skull on an impactor pad for different velocities [27] are 
compared to the peak recorded loads in Figure 9. Fractures were recorded in the tests for the curves marked with 
“F”. There was no record of the sex of the specimen and both the male and female versions of the model were 
run with the mass adjusted to match the specimen when possible. In two cases the specimen mass was below the 
minimum mass of the model and are marked with “*”.  

In all cases the model underpredicted the loads, even when fracture occurred in the test. It was not possible to 
compare the local skull thicknesses as only the global head dimensions for PMHS specimens were provided. It is 
interesting to note that the geometric differences between the male and female FE models exhibit only minor 
differences in predicted loads when the models are adjusted to the same mass. 

 

 
Figure 9. Lateral Drop Tests Results for FE Head Model Compared to PMHS testing (derived from [44], [27]) 

  

F 
F 

F 
F 
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Head Vertex Response ( [37]) 

The final load case of interest was the impact to the top of the head as illustrated in Figure 10. No fractures were 
observed for 1 m/s impact speeds, only one for 2 m/s, and the majority of specimens fractured for impact speeds 
of 3 m/s. The original slope of the simulation and experimental curves match quite well and the offset in the 
curves may be due to difficulties aligning the displacement origins for the mechanical and simulated systems. 
The simulation model does overpredict the peak loads, especially for the highest impact speed where the 
physical fractures are not represented in the model and thus result in higher forces. Interestingly, the female 
model tends to be stiffer than the male, particularly at higher speeds. 

 

 
Figure 10: Vertex Impact Tests [37] 

MODEL INTEGRATION AND ROBUSTNESS 

The full VIVA+ HBM with the update head model was evaluated in a pedestrian impact simulation. The main 
purpose was to ensure proper implementation and performance with the full body model. The male and female 
versions of the model were morphed to the anthropometry of cadavers tested in pedestrian impacts and 
comparing the subject specific model predictions against the results from the cadaver tests [38] [39]. The 50%ile 
male and female VIVA+ models were scaled to match the test subject’s stature, weight, age, and BMI using the 
open-source tool Piper (version 1.1.0) [8]. The simulations ran to completion without error and exhibited 
improved ISO ratings for the head displacements over the VIVA+ with the original head model. 

 

DISCUSSION 

The development and validation of the VIVA+ V2 head model underscore both the strengths and limitations of 
using population-based statistical shape models for injury prediction in finite element simulations. While the 
model demonstrates robust performance across a range of blunt impact scenarios, several challenges emerged 
during validation against PMHS data. 
 
A major limitation in validating the head model was the lack of specimen-specific geometric data in many 
PMHS studies. Skull geometry – including local bone thickness, curvature, and anatomical variation – plays a 
critical role in determining impact response and fracture behavior. Without access to detailed imaging or 
morphometric data from test specimens, simulations must rely on average anthropometry and statistical 
distributions, which may not accurately reflect the localized structural features of individual skulls. The role of 
the test environment also influences the test results and it was not possible to remove uncertainties of the 
mounting, contact geometry, or contact stiffness for all validation cases.  

The simulation results varied significantly depending on the load case and energy level. Temporo-parietal 
impacts showed the best agreement with experimental corridors at lower velocities but diverged at higher speeds 
due to fracture onset. Frontal bone impact simulations deviated from experimental data most, as bone and scalp 
thicknesses differed dramatically between the specimen and the model. Vertex impacts showed promising results 
for the model. 

The lack of time series data limits the ability to fully assess the model performance. When experimental 
corridors were available, such as in the Raymond [28] and Thompson-Bagshaw [37] studies, areas for model 
improvement can be identified. Knowing where fracture occurs on the force-time curve can lead to improved 
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understanding of model limitations and appropriate analysis of the results. While the model could reproduce 
force-time curves up to the point of fracture, discrepancies arose in post-fracture behavior. The model’s mesh 
proved to be too coarse to use damage models and element erosion to simulate fracture processes. However, 
experimental data can be used to establish implicit fracture prediction that would be a proxy for simulating the 
actual fracture such as the strain-based fracture prediction for ribs proposed by Iraeus [45]. 

The choice of material models also influenced simulation fidelity. Although MAT_187L offered strain-rate 
dependent elastic modulus behavior, its computational cost was significantly higher than MAT_024, which was 
ultimately selected for integration due to its stability and compatibility with the full VIVA+ model. Validation 
tests showed that MAT_024 provided acceptable correlation with the experimental data, suggesting that the 
trade-off between computational efficiency and material fidelity was justified for the current application. 
 
Compared to subject-specific models like [46], which use image registration to capture individual anatomy, the 
VIVA+ V2 head model prioritizes scalability and population diversity. Different statures could be quickly 
generated from a base reference mode. Although this approach sacrifices some anatomical precision, it enables 
broader application in safety system evaluation and demographic analyses. The model’s ability to morph across 
sex and stature makes it a valuable tool for inclusive safety research, even if it cannot replicate the exact 
response of a specific individual. 
 
To improve validation fidelity and broaden applicability, future work should focus on incorporating specimen-
specific geometry when available, enhancing material models to better capture or account for fracture onset, and  
expanding the validation dataset to include more detailed experimental setups with comprehensive 
documentation of specimen properties and impact conditions. Uncertainty analyses to quantify the effects of 
geometric and material variability across diverse populations would also be a useful contribution to the 
application of simulation results to population diversity. 

 

CONCLUSIONS 

The development of the VIVA+ v2 head model represents a new approach toward improving biofidelity and 
diversity representation in open-source human body models for injury prediction. By incorporating population-
based statistical shape models, the model enables assessment of local tissue responses while maintaining 
computational efficiency suitable for full-body simulations. 

Validation against PMHS data demonstrated that the model can reproduce force–time response for several 
impact scenarios, particularly at lower energy levels. However, discrepancies remain in high-energy impacts and 
fracture behavior, largely due to limitations in mesh resolution, material modeling, and absence of explicit 
fracture prediction. The choice of MAT_024 for cortical bone provided a practical balance between accuracy and 
computational cost, although future work should explore enhanced damage models and strain-based fracture 
criteria. 

The ability to morph the head model across sex and stature makes it a valuable tool for inclusive safety research, 
even if it cannot replicate individual-specific anatomy. To further improve predictive capability, future efforts 
should focus on: 

• Incorporating specimen-specific geometry when available, 

• Refining material models to better capture fracture onset, 

• Expanding validation datasets with well-documented experimental setups, 

• Performing uncertainty analyses to quantify variability across populations. 

Overall, the VIVA+ v2 head model provides a robust foundation for evaluating head injury mechanisms in 
diverse populations and supports the development of safety systems that address demographic variability. 
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