
Abstract The present study aimed to improve the finite element (FE) facial bones of THUMSv4.1 in Virtual 
Performance Solution occupant model. Nose, vomer, nasal septa and ethmoid junctions were modelled to 
improve the anatomical accuracy of the model. The mesh of nasal complex, nasal bone, maxilla, mandible and 
zygomatic bones was refined based on convergence study to improve the stability of original model. Material 
models were assigned to the newly created parts based on literature data. The improved face model was then 
validated for several impact tests for zygomatic, mandible, maxilla and nasal bone. A CORA Score > 0.85 was 
obtained for all validations. Further, 191 experimental impact tests on different parts of face bone were replicated 
with the updated face model. Survival analysis was used to develop model-specific injury risk functions for 
zygomatic, mandible, maxilla and nasal bone. The proposed face fracture injury risks were based on internal 
energy at element level. 

Keywords Face injury criteria, Finite element head modeling, Face trauma simulation, Survival analysis, Injury 
tolerance limit.  

I. INTRODUCTION
Facial injuries contribute a significant portion of head injuries. Within all injuries sustained in road accidents, 

facial injuries account for about 36.5% [1]. The global occurrence of facial fractures was approximately 10.7 
million cases in 2019 according to the Global Burden of Disease (GBD) [2]. The leading causes of facial injuries 
include assaults (44–61%), traffic accidents (15.8%), and falls (15%) [3-4]. The human face is composed of several 
bones that form the structure and provide support for facial features. The facial bones commonly fractured during 
motor-vehicle crashes are mandible, maxilla, zygomatic and nasal bones. Based on the distribution of facial 
fractures in frontal impacts within NASS-CDS, the nasal bone is the most frequently fractured facial bone (49%) 
followed by mandible (18%), maxilla (13%) and zygoma (4%) [5]. According to the Abbreviated Injury Scale (AIS), 
fractures of facial bones are typically classified as minor or moderate ranging from AIS1 (for nasal bone fracture) 
to AIS2 (fracture to maxilla, zygoma and mandible) [6]. However, the personal impact of facial injuries is significant 
due to the long-term cosmetic effects. 

Over the last decades, several investigations have been conducted to understand the injury mechanism of 
facial fractures to mitigate the injury and development of tolerances for major facial bones [7–11]. Impact 
experiments on the face of unembalmed post-mortem human subjects(PMHS) were conducted with cylindrical 
or rectangular rigid impactors. The impact force and associated penetration were measured to assess the fracture 
tolerance of nasal, mandible, zygomatic and maxilla bones. However, conducting classical testing on PMHS has 
several limitations and can lead to ethical issues. Finite Element (FE) head models offer the possibility to extract 
complex parameters (e.g. local strain), offering a more accurate description of the injury mechanisms. However, 
there is a lack of studies available regarding the assessment of facial fracture in FE head model [12–17]. A 
multilevel validation of facial bones along with development of model-based injury criteria is necessary to predict 
facial bone fracture accurately in real-world face trauma scenarios.  

The head model used in the present study was derived from the 50th percentile male Keysight Technologies 
Virtual Performance Solution (VPS) THUMS v 4.1 occupant model. Mesh and materials were updated to improve 
the biofidelity response and the stability of the original model. Based on convergence study, the face bones mesh 
was refined. A proper nasal complex was modelled. Impact experiments were reproduced with the improved 
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model for the validation of nasal bone, zygomatic bone, mandible bone and maxilla bone. The updated head 
model was then used to replicate different kinds of trauma obtained from 191 experiments on different facial 
bones. Survival analysis was used to develop model specific injury risk functions to predict face bone fractures.  

 

II. METHODS 

A brief description about the enhanced THUMS v4 head model (eTHUMSv4_HM) was presented in the first 
section along with the improvements applied to enhance the biofidelity of the FE face model. Furthermore, a 
description of the experimental data for FE face model validation and statistical analysis to develop model-based 
injury criteria for different facial bone fractures were presented.  

 

Enhanced THUMS v4 Head Model 
The eTHUMSv4_HM used for this study was based on the head model of THUMSv4.1 AM50 [18]. Details of the 
original THUMSv4.1 AM50 model were presented by [12–13]. The development of eTHUMSv4_HM was described 
in [14][19]. The original mesh of the skull and skin were refined to improve the fracture response based on a 
convergence study conducted for different mesh configurations [14]. To improve brain behavior, a hyper-
viscoelastic material which is a combination of Ogden law for hyperelasticity and a Prony series for viscoelasticity 
model was implemented under VPS platform.  Bridging veins were modelled as bar element between superior 
sagittal sinus, shared with skull nodes. The eTHUMSv4_HM is validated for local brain motion and intracranial 
pressure data from post-mortem human subjects (PMHS) experiments. The skull model was validated against 
PHMS head drop tests from [20]. 
The face bones and nasal complex of the original model is shown in Fig. 1 (A) which are composed of maxilla, 
zygomatic, mandible, ethmoid, sphenoid, nasal, vomer. However, the ethmoid, sphenoid and vomer were 
modelled with 2D shell elements. To improve the fracture response and load bearing in frontal impact, the mesh 
of these bones was updated to two layers of solid hexa elements as in Fig.1 (B). A convergence study was 
conducted with different mesh configurations for the nasal complex. The reaction force, von Mises stress, 
hourglass energy and internal energy were compared between the different models. Impactor test simulations 
were used to investigate the optimal mesh. For facial bones (maxilla, zygomatic, mandible and nasal bone) mesh 
convergence studies were also conducted. Meshes ranged between two and eight layers of elements. Reaction 
force, plastic strain, von Mises stress and internal energy were compared for different mesh configurations. A 
nose modelled with nasal septa and skin was incorporated in the model to improve the bio-fidelity in different 
impact scenarios as shown in Fig.1 (B). The anthropometry for the nose and septa bone was obtained from [21-
22].  The material model for nasal cartilage was obtained from [23–24]. 
The material parameters for different facial structure are reported in in TABLE I and are based on different studies 
[17-18] [23-24] [28-29]. All other model parameters, including material cards (except those listed in Table AI), 
remain unchanged from the original THUMSv4.1 model [18] as implemented in VPS. 
 

  
(A) (B) 

Fig. 1. Overview of original (A) and improved (B) THUMS v4.1 face and nasal complex 
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TABLE  I 
MATERIAL PROPERTIES FOR DIFFERENT PARTS OF FACE FE MODEL 

 Young’s modulus E (GPa) Poisson’s ratio Reference 
Facial bone Cortical 12.13 ± 2.89 0.22 [17-18], [28-29] 
Facial bone Trabecular 1.748 ± 1.41 0.23 [17-18], [28-29] 
Teeth 0.00528  0.22 [17-18], [28-29] 
Nasal Cartilage 0.00347 ± 0.00026 0.3 [23-24] 
Scalp 0.01623 ± 0.00491 0.42 [17-18], [28-29] 

 

Experimental Data for FE Face Model Validation 
Impact experiments on the face of 11 unembalmed PMHS were conducted with a cylindrical (25 mm, mass 

32/64 kg) impactor by Nyquist et al. [7]. The age and mass of the PMHS ranges from 43-66 years and 53-92 kg 
respectively.  The impactor was propelled to the face of the PHMS in anterior-posterior direction with a contact 
velocity between 10 to 26 km/h. The longitudinal axis of the impactor was at the same elevation as the infraorbital 
margins of the cadaver skull. Uniaxial accelerometers were attached to the impactor and to the occiput of the 
PMHS head to analyse the dynamics of the head impacts. Applied force and associated penetration of the 
impactor to the face data were collected. Each specimen underwent one impact test and nasal bone fractures 
were observed in each test. Some tests resulted in one or more fractures to zygoma, maxilla and sphenoid bone. 
It was observed that a peak force of 3kN is a reasonable threshold for a more severe fracture pattern. 

Allsop et al. [8] performed impact tests on PMHS heads to analyse  the deformation response of the zygomatic 
(eight experiments) and maxilla (six experiments) bones. They used fifteen unembalmed PMHS heads (aged 
between 39 and 84 years), which were positioned facing upwards in custom-molded plaster foundations. A semi-
circular impactor rod weighing 14.5 kg was dropped from heights ranging from 305 to 610 mm onto the zygomatic 
and maxillary regions. Impacts to the zygomatic and maxillary bones were delivered 10 mm below the suborbital 
ridge and 10 mm below the anterior nasal spine, respectively. Force and displacement data were recorded at a 
frequency of 5 kHz.  

Cormier et al. [9] conducted series of impact experiments on PMHS head with a free-falling rigid aluminum 
impactor of 3.2 kg with a steel tip along with the use of acoustic emission sensors to determine the time of 
fracture onset. The impacts were on nasal, maxilla and mandible bones. All heads were frozen and thawed prior 
to testing. To determine the tolerance of nasal bone to blunt impact a total of 25 male subjects (age range 43 to 
76 years) were included in the study. The peak force during each impact ranged from 715 to 2260 N with nasal 
bone fracture observed in 23 cases. A total of 24 male subjects (age range 43 to 76 years) were used to study the 
response of maxilla bone by performing 38 impact tests on the sub-nasal region of the maxilla. The peak force 
ranged from 644 to 2609 N with a pulse duration of each impact ranged from 10 to 15 ms. A facial fracture was 
produced in 24 tests. The response of mandible bone to blunt impacts was tested by conducting 41 impact tests 
from 29 PMHS subjects (age range 43 to 76 years). Due to lack of constraint to mandible subsequent motion after 
initial impact, the force reached an initial peak and then decreased with a secondary peak. The maximum force 
during the initial peak ranged from 402 to 1607 N. 

Bruyere et al. [10] performed 15 impact tests on 9 PMHS (age range 58 to 77 years) head, from which 11 tests 
were on maxilla bones. To replicate the steering wheel rim, a horizontal guided steel cylindrical impactor 
(diameter equal to 2.25 cm, mass 17 kg) was used. The direction of impact on maxilla or frontal bones was chosen 
as 30 degrees angled from the mid-sagittal section plane.  The impacts are divided into two levels. For low level 
impacts, the energy ranged between 106 J and 189 J (mean energy 140 J). For high level impacts, the energy 
ranged between 248 J and 298 J (mean energy 280 J). 

Nahum et al. [11] conducted several experiments on mandible (17 tests), maxilla (nine tests) and zygoma (25 
tests) bones. The impact force was varied by changing the drop height of impactor (circular or flat) with a weight 
ranging from 1.08-3.82 kg. The range of drop velocity was 2.99 to 5.97 m/s. For eight lateral mandible impacts a 
flat impactor (area 2.5cm*10cm) was used. The peak force for mandible, maxilla and zygomatic impacts was 
ranges from 820-4100 N, 625-1980N and 610-3470 N respectively.  
The simulation setups for different facial bone impacts were shown in Fig.2.  For the validation of nasal bone 
impact, loading cases 20, 25, 29, 34 and 42 were simulated from Nyquist et al. [7]. The velocity of impacts ranged 
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from 3.44-7.14m/s. For zygomatic bone validation, experimental data were taken from eight PMHS tests by Allsop 
et al. [8]. Similarly for mandible and maxilla bones experimental data from Cormier et al. [9] and Bruyere et al. 
[10] were used respectively. For mandible, maxilla and zygoma bones response validations, mean loading 
boundary conditions were applied during the simulations. In all validation cases, the force–displacement or force–
time curves generated by the THUMS v4.1 and eTHUMS v4_HM simulations are assessed against the experimental 
reference data. To quantify the model’s performance, the Pearson sample correlation coefficient (r) was used. An 
r value in the range of 0.1–0.3 signifies poor correlation, while values between 0.5 and 1.0 represent strong 
consistency between simulation and experimental curves [27]. When corridor bounds were provided for face 
impact experiments, the CORA (Correlation and Analysis) metric was applied to evaluate the model’s predicted 
face response. 
 

 
Fig. 2. Simulation setup for nasal (A) [7], zygomatic (B) [8], mandible (C) [9] and maxilla (D) [10] bones 

 

Statistical Method for Development of Injury Criteria 
Statistical analyses were carried out for the parameters (e.g. force and internal energy) extracted from the 

simulation of impact experiments on nose, mandible, maxilla and zygomatic bones to develop model-based face 
bone fracture criteria. Among the evaluated parameters, internal energy in VPS is calculated from the 
accumulated stress–strain work at the integration point level and subsequently assembled to element and part 
levels. For this study, post-processing was performed using part-level energy outputs.  

Receiver operating characteristic (ROC) curves were generated to express the performance of a binary classifier 
system (injured vs non-injured) as its discrimination threshold is varied. The curve is created by plotting the true 
positive rate (sensitivity) against the false positive rate (fall-out), which is calculated as 1 minus specificity, across 
various threshold settings. The area under the ROC (AUROC) curve serves as another metric for evaluating test 
performance. A test is considered 100% accurate if the AUROC is 1, meaning both sensitivity and specificity are 
1.0 (no false positives or false negatives). Conversely, a test that fails to distinguish between normal and abnormal 
results in a diagonal line from (0, 0) to (1, 1), with an AUROC of 0.5. As noted in [25], AUROC values typically range 
from 0.5 to 1.0. Therefore, the candidate parameter with the highest AUROC value is the best predictor of injury. 
Also the 95% confidence interval (CI) for AUROC value was include to show the robustness of the study. 

Binary injury data (fracture vs. no fracture) were obtained from PMHS impact experiments for different facial 
regions (nose, mandible, maxilla, and zygomatic bones). Regarding AIS category mapping, this study follows the 
established definitions provided in the AIS code book [6]. Facial bone fractures are generally categorized as minor 
to moderate injuries. Accordingly: nasal bone fractures are classified as AIS 1 (minor injury) and fractures of the 
maxilla, zygoma, and mandible are classified as AIS 2 (moderate injury). 

Simulation extracted parameters were then statistically correlated with the experimental injury outcomes. The 
injury risk curves were derived using survival analysis of binary data, assuming a Weibull distribution (Eq. 1). The 
survival analysis was performed with the open-source statistical software R (R Project for Statistical Computing). 
This approach involved fitting a regression model to various potential injury predictors. The probability of face 
fracture AIS2+ injury is defined by Equation 1: 

𝑃𝑃 (𝑥𝑥) = 1 − 𝑒𝑒− �𝑥𝑥𝑏𝑏�
𝑎𝑎

                   (1) 
 
where a is the shape parameter and b is the scale parameter that characterise the Weibull distribution.  
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III. RESULTS 

Face Model Improvement and Validation 
Different mesh configurations were used in a simple frontal impact simulation for the convergence study of 

nasal complex. The reaction force, von Mises stress, hourglass energy and internal energy was compared for 
different mesh configuration to obtain the optimal mesh as shown in Fig.3. For force (Fig.3 A), von Mises stress 
(Fig.3 B) and internal energy (Fig.3 D), the green line shows the parameters are converging to a plateau and no 
further mesh layer required in order not to increase the computation time. The final geometry was based on 
mesh configuration four with a least hourglass energy among all configurations. Similarly for nasal, mandible, 
maxilla and zygomatic bones convergence study was conducted with meshes ranging between two and eight 
layers of element. Force, plastic strain, von Mises stress and internal energy were compared for different mesh 
layers as shown in Fig. 4. The green curve indicates that the solution is approaching a steady plateau, suggesting 
that additional mesh layers would not provide meaningful improvements and would only increase computation 
time unnecessarily. The convergence study showed that four layers of trabecular delivered the optimum 
response.  

The nasal bone is validated against cylindrical impactor impact experimental data from Nyquist et al. [7]. 
Loading cases 20, 25, 29, 34 and 42 were simulated (for THUMS v4.1 and eTHUMSv4_HM) and force-displacement 
data were compared with experiments as shown in Fig. 5.A. The experimental and simulation curves are in black, 
red (THUMS v4.1) and blue (eTHUMSv4_HM) color respectively. A good agreement was found between  
eTHUMSv4_HM simulations and experimental curve (average r > 0.881). For THUMS v4.1 simulation data average 
correlation of r=0.562 was obtained against experimental data. Additionally, acceleration comparisons between 
simulation result and experimental data for both the impactor and occipital regions across these five tests have 
been added to the Appendix Fig. A1-A5. 

 
(A)  

  
Fig. 3. Results for convergence study for nasal complex. The reaction force (A), von Mises stress (B), hourglass 
energy  (C) and internal energy (A) was compared for different mesh configuration. 
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Fig. 4. Results for convergence study for face bones. The reaction force (A), von Mises stress (B), Plastic strain  
(C) and internal energy (A) was compared for different mesh configuration. 

 
 

   

  

 
Fig. 5. Validation for nasal bone response for test 20 (A), 29 (B), 34 (C), 42 (D) and 25 (E) from Nyquist et al. [7]. 
Force-displacement plots comparison between simulation result (THUMS v4.1 and eTHUMSv4_HM) and 
experimental data. 
 
Experimental data from Allsop et al. [8] was used for validation of zygomatic bone behavior. The corridor and 

the mean experimental force displacement curve were obtained from eight impacts tests to PMHS zygomatic 
bones as shown Fig.6 (A) (black curves). A CORA rating of 0.86 and correlation (r) of 0.9 was obtained when 
comparing the eTHUMSv4_HM simulation and experimental mean curves. For THUMS v4.1 zygoma validation, a 
CORA rating of 0.54 and correlation (r) of 0.54 was obtained.  

For mandible 41 impact tests are used from Cormier et al. [9] to develop the corridors and mean experimental 
curve as shown in Fig.6. (B) (black curves). A CORA score of 0.842 (and r = 0.75) is observed between simulation 
and experimental data. For THUMS v4.1 mandible validation, a CORA rating of 0.51 and correlation (r) of 0.61 was 
obtained.  

The experimental corridors based on 11 tests for maxilla bones are shown in Fig. 6. (C) (black curves) from 
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Bruyere et al. [10]. The simulation was conducted for mean energy level and force time data from simulation (in 
blue) were compared. A CORA rating of 0.851 was obtained for maxilla validation. For THUMS v4.1 maxilla 
validation a CORA rating of 0.42 was obtained. 

 

   

 
Fig. 6. Validation for zygomatic (A), mandible (B) and maxilla (B) force response against experimental corridor. 
Force-displacement/time plots comparison between simulation result (THUMS v4.1 and eTHUMSv4_HM) and 
experimental data. 
 

Face Injury Criteria 
A total of 191 experiments were reconstructed to develop model-based injury criteria for facial bones. Potential 

parameters like force and internal energy were extracted to predict facial bone fracture. For nasal bone 11 tests 
from Nyquist et al. [7] and 25 tests for Cormier et al. [9] were simulated. The AUROC for each candidate parameter 
was computed and nasal bone internal energy was found to have the highest AUROC value of 0.9 (CI: 0.88 & 0.92). 

 
 

  

  
Fig. 7. Injury risk curve to predict nasal (A), maxilla (B), zygomatic (C) and mandible (D) bone fracture by using 
bone internal energy as injury predictor. 
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Survival analysis with Weibull distribution was done for binary fractured/non-fractured data for different 
potential parameters. The injury risk curve to predict nasal bone fracture by considering internal energy as 
predictor is shown in Fig. 7 (A). Nasal bone fracture is AIS1 injury and the 50% injury risk of nasal bone fracture 
was reached for an internal energy of 886mJ. For maxilla bone injury criteria 64 (38 Cormier et al. [9], six from 
Allsop et al. [8], 11 from Bruyere et al. [10] and nine from Nahum et al. [11]) impact experiments are reproduced. 
Maxilla internal energy had the highest AUROC of 0.92 (CI: 0.89 & 0.95). is the predictor of maxilla bone fracture 
and 50% risk of Maxilla bone fracture is at 1766mJ as shown in Fig. 7. (B). A total of 33 experimental data from 
Allsop et al. [8] and Nahum et al. [11] were reconstructed to develop the injury criteria for zygomatic bone. 
Internal energy of zygoma with AUROC 0.95 (CI: 0.93 & 0.97) was used to predict the fracture and 50% risk of 
Zygoma bone fracture is at 2477mJ as shown in Fig.7 (C). For mandible, 58 impact data from Cormier et al. [9] 
and Nahum et al. [11] were reproduced through simulation with eTHUMSv4_HM. AUROC of 0.97 (CI: 0.96 & 0.98)  
was obtained for mandible internal energy and 50% risk of Mandible bone fracture is at 17978mJ as shown in 
Fig.7 (D). As there are only 33 data points for zygomatic bone, to improve the robustness of survival analysis, the 
64 data points of maxilla are combined to generate a combined maxilla-zygoma injury risk curve as shown in Fig.8. 
The AUROC value of combined data is 0.94 (CI: 0.91 & 0.97)  for internal energy and 50% risk of combined Maxilla 
and Zygoma bones fracture is at 2324mJ. 

 
Fig. 8. Combined injury risk curve for maxilla and zygomatic bone by using bone internal energy as injury 
predictor. 
 

IV. DISCUSSION 
The objectives of this study include improvements in facial bone geometry of eTHUMSv4_HM and numerical 

modelling. In particular, the geometry of nasal complex and nasal, mandible, maxilla and zygomatic bones are 
refined based on convergence study. A nose modelled with nasal septa and skin was incorporated in the model 
to improve the biofidelity in different impact scenarios. These updates were then validated against experimental 
data. The resulting eTHUMSv4_HM was then used to develop model specific facial bone fracture criteria.  

The study presented a methodology for validation of facial bones. A very good agreement (r >0.881) between 
force-displacement data from the simulation of eTHUMSv4_HM and the experiment was achieved during the 
validation for nasal bone. Five test data 20, 25, 29, 34 and 42 from Nyquist et al. [7] were reconstructed for nasal 
bone validation process. These five experiments took into account different levels of impact velocities. For 
mandible and zygoma validation the simulation force-displacement data was compared with mean experimental 
data with CORA rating of 0.86 and 0.842 respectively. For maxilla bone the simulation curve was within the force-
time corridor of experimental data with a CORA score of 0.851. An average correlation (r) value more than 0.85 
was observed during the validation of facial bones.  

Despite extensive developments in human body modeling, there remains a notable lack of dedicated 
validation studies focusing specifically on FE facial models [17] [26] [30-31]. Most existing research emphasizes 
whole‑head or whole‑body validation, with head response typically assessed only indirectly through global head 
kinematics or intracranial metrics. The current study extensively validated the facial bones of eTHUMSv4_HM 
compared to the other studies in literature and commercial head models from GHBMC and SAFER [12] [16–17] 
[26] [30-31]. In comparison, the facial model validation of GHBMC head model typically limited to fewer Nyquist 
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[7] and Allsop [8] test cases [30]. The original THUMS 4.1 head model is limitedly validated for facial bones [12-
13]. Similarly, the SAFER HBM relies on whole-body and kinematic validation using PMHS data, focusing on head 
trajectory and acceleration responses, but does not include dedicated facial validation using force–displacement 
corridors or specific cadaver facial impact datasets [31]. The current model is validated for most numbers of tests 
from Nyquist [7] and not only compared with force-displacement data but also acceleration plots for impactor 
and occipital of head. Furthermore, the model is validated against multiple independent cadaver datasets, 
including Allsop et al. [8], Cormier et al. [9], and Bruyère et al. [10], demonstrating that the simulated responses 
consistently fall within experimental corridors and accurately reproduce mean experimental trends. This multi-
dataset, face-specific validation goes beyond the scope of most existing HBMs. 

Model predictions are not governed solely by material parameters. The conducted mesh convergence study 
shows that geometry and mesh (e.g., trabecular bone layering) also significantly affect internal energy absorption 
and contact forces. This highlights that the validity of the simulations arises from a combined effect of material 
modeling, geometry, and mesh fidelity, rather than material properties alone. 

A total of 191 experimental facial impact tests were reconstructed to develop injury criteria specific to the 
eTHUMSv4_HM. Force and internal energy were extracted for each simulation and based on statistical analysis 
best candidate parameter to predict facial bone fracture was chosen. Bone internal energy has the highest AUROC 
value in all cases and provided the highest correlation with the occurrence of AIS1/AIS2 injury sustained to the 
facial bone. Previous studies also demonstrated that bone internal energy is a suitable predictor of bone fracture 
mechanisms [14][15]. Nasal bone fracture is AIS1 injury and the 50% injury risk of bone fracture was reached for 
an internal energy of 886mJ. Maxilla, zygomatic and mandible bone fractures are AIS2 injury, and the 50% injury 
risks are 1766mJ, 2477mJ and 17978mJ respectively. The higher energy required needed to induce a fracture of 
the mandible is in accordance with [9][11]. The AIS levels were assigned directly based on the anatomical location 
of the experimentally observed fractures. Therefore, the developed injury risk curves represent the probability of 
sustaining region-specific fracture injuries mapped to their respective AIS severity levels. 

The confidence of survival analysis is influenced by the sample size. In the current study a total of 191 face 
trauma cases were replicated. However, for the zygomatic bone only 33 data points were available. To improve 
the robustness of the survival analysis, the 64 data points of maxilla were combined to generate a combined 
maxilla-zygoma injury risk curve. The AUROC value of combined zygomatic and maxilla data is 0.94 for internal 
energy and 50% risk of combined Maxilla and Zygoma bones fracture is at 2324mJ. 

The current study has been developed for a modified VPS version of the THUMSv4.1 50th percentile HBM head 
model. Although the approach for developing the injury risk criteria can generally be applied to other HBMs, the 
use of internal energy as injury predictor needs to be confirmed. Furthermore, with regard to HBMs which are 
developed in different FE solver environments, the computation of the internal energy at element level could be 
different. Therefore, the authors would recommend to avoid applying directly the proposed injury risk criteria to 
other HBMs without ensuring the harmonization between HBMs and their outcomes. 

The current study focuses on the improvement of the eTHUMSv4_HM and on the development of fracture 
criteria for facial bones based on 50% adult male anthropometry. Variations in specimen mass and geometry 
were not considered during reconstruction, which may potentially affect the accuracy of the injury risk functions 
when applied beyond the standard 50th percentile adult male population.  

V. CONCLUSION 
The eTHUMSv4_HM was further improved for nasal complex and mesh of facial bones. The enhanced FE face 
model was validated against several experimental impact tests. A high correlation (r > 0.75 and CORA > 0,84) 
between experimental data and simulations was obtained during the validation of nasal, mandible, zygomatic 
and maxilla bones. The improved face model represents a significant improvement with respect to the original 
THUMS v4.1 (r < 0,61 and CORA < 0,54) face model. The incorporation of the nasal complex might improve the 
ability to have a realistic interaction with the restraint system and allow the investigation of new customer 
functions. Furthermore, model specific injury risks functions were developed for fracture of nasal bone, zygomatic 
bone, mandible bone and maxilla bone with internal energy as the predictor. The present study is the first to 
develop detailed individual fracture criteria for facial bones for VPS THUMS v4.1 AM50 human body model. 
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VIII. APPENDIX 
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Fig. A1. Comparison of acceleration of impactor (A) and Occipital (B) between experiment (Test 20) and 
simulation result for eTHUMSv4_HM filtered at 180hz. 
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Fig. A2. Comparison of acceleration of impactor (A) and Occipital (B) between experiment (Test 25) and 
simulation result for eTHUMSv4_HM filtered at 180hz. 
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Fig. A3. Comparison of acceleration of impactor (A) and Occipital (B) between experiment (Test 29) and 
simulation result for eTHUMSv4_HM filtered at 180hz. 
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Fig. A4. Comparison of acceleration of impactor (A) and Occipital (B) between experiment (Test 34) and 
simulation result for eTHUMSv4_HM filtered at 180hz. 
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Fig. A5. Comparison of acceleration of impactor (A) and Occipital (B) between experiment (Test 42) and 
simulation result for eTHUMSv4_HM filtered at 180hz. 
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