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Strain-based Rib Fracture Prediction Using HBMs:
A Comparison of Simulations Using State-of-the-art Models to PMHS Tests Considering Uncertainty

Felix Ressi, Vishnuvel Kannan, Bernd Schneider, Corina Klug

Abstract Human body models (HBMs) are increasingly used to assess thoracic injury risk, yet model-to-model
consistency remains uncertain. This study compared predictions of the risk of three or more fractured ribs
(NFR3+) from nine Euro-NCAP-qualified HBMs across 17 thorax loading cases and related them to outcomes in
post mortem human subjects (PMHS). Principal cortical rib strains were reduced with four scalar definitions and
aggregated by 95™, 99™, and 100™" percentiles, then mapped to rib fracture probability using a Weibull injury risk
function (IRF) with age as a covariate and combined via a Poisson-binomial model. PMHS risk intervals were
derived using Bayesian bootstrapping. Three calibration strategies for the strain to risk mapping were evaluated:
count likelihood negative log likelihood, tail likelihood for NFR3+ negative log likelihood, and Brier score
minimisation. In extreme cases, strains differed by about an order of magnitude across models, and maximum or
near maximum percentiles outperformed 95 percentile strains. Calibration generally improved agreement with
PMHS intervals, but no single strategy dominated, and the age effect conflicted with some datasets. The
calibrated IRFs presented in this study were intended as diagnostics of model differences, not as model specific
functions. Standardised procedures with uncertainty handling are recommended for virtual testing.

Keywords Human body models, Rib fracture prediction, Strain-based injury prediction.

I. INTRODUCTION

Human body models (HBMs) have been a key tool for research and development in the area of road traffic and
vehicle safety in recent years. While challenges remain, they promise to offer several benefits over
anthropomorphic test devices (ATDs). One of the main advantages is that they enable tissue level injury risk
assessment. Given the high relevance of thoracic injuries in motor vehicle crashes, in particular with respect to
AIS3 injuries in mid- to high-severity crashes [1-3], it is not surprising that research on using HBMs for strain-based
rib fracture prediction is plentiful [4-8].

While HBMs have been used in research and vehicle development for quite some time, their adoption in virtual
testing is a recent phenomenon. Notably, the 2026 European New Car Assessment Program (Euro NCAP) frontal
impact protocol requires vehicle manufacturers to submit results using a qualified average male HBM [9].
Specifically, as part of the “sled and virtual testing” assessment, results from HBM simulations seated in a frontal
sled test model need to be submitted. Four different seat settings and respective HBM postures are required [10].
However, this first implementation serves monitoring purposes and does not assess injury risk using the HBMs. If
no HBM results are provided, the maximum available score for virtual testing is halved [9]. For the 2029 protocol
update, the inclusion of a rib fracture risk assessment is being investigated.

Several approaches to predict rib fractures with HBMs have been reported. One method involves implementing
material failure into the simulation model directly. Using accumulated stress or strain, evaluated at element level,
individual elements, which exceed a pre-defined threshold are “eroded”, i.e., deleted [11-14]. In essence, this
approach attempts to replicate fractures deterministically, as they occur in-vivo. While the theoretical ability to
replicate reduced rib cage stability as a consequence of an increasing number of rib fractures is sometimes
reported as an advantage with this method [14], it has several drawbacks. First, biofidelic representation of cracks
is not realistic, given the typical mesh sizes in cortical bone rib elements of state-of-the-art HBMs (2-7 mm) and
the crack propagation speed in cortical bone (>300 mm/ms [15]), as elements cannot be deleted fast enough.
Secondly, the threshold for element erosion needs to be determined a priori [14]. Hence, while rib fracture risk
has been shown — although to varying degrees — to be dependent on age [4-7], this threshold can only represent
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a specific age. This eliminates the option to evaluate the results of one simulation with respect to several age
groups.

Another option is a probabilistic approach, aiming to determine the risk for a specific number of fractured ribs
(NFR) based on strains observed in rib cortical bone elements. This approach does not address the biofidelity
limitations of the deterministic approach, since without considering failure, the strains can reach nonphysical
levels where even the ribs found in the most robust human would have long failed. Nevertheless, the method is
widely used to estimate rib fracture risk considering the influence of age [14]. Originally published in 2012 [4],
subsequent improvements by updating the stepped deterministic risk curve with a survival analysis-based smooth
Weibull risk function [8] and the addition of an age-dependent rib strain-based fracture risk function built on new
material data [5] were proposed. For two HBMs, model-tuned risk functions based on results of 170 simulations
covering 13 impactor and tabletop load cases are available [6].

In the 2026 monitoring phase, Euro NCAP has opted to allow any HBM to be used that fulfils the qualification
procedure outlined in Technical Bulletin (TB) Crash Protection (CP) 550 [16] rather than only allowing just one
specific HBM. However, previous research suggests using the age-dependent rib strain-based fracture risk
function built on new material data [5] directly can result in very different rib fracture predictions from state-of-
the-art HBMs under identical loading conditions [6][17]. Hence, to ensure comparable results with respect to rib
fracture risk, it seems model-specific rib fracture risk curves would be needed for each qualified model. While
feasible, this would increase intrinsic uncertainty, because (i) adopting the approach presented in [6] as an
example, the curves would be tuned on a limited set of 170 simulations and may not generalise to other load
cases, postures, or restraints; (ii) tuning may mask model-specific differences in strain scale; (iii) each model
update would necessitate a new, version-specific curve with unknown behaviour outside the calibration set; and
(iv) the small and variable PMHS samples underlying the fits yield wide statistical uncertainty that propagates
differently across models.

In view of these limitations, the study is presented as an evaluation with three key objectives:

To compare HBM predicted NFR3+ risk with PMHS based statistics, with uncertainty represented.

To calibrate, post hoc, the strain to risk mapping applied to analysed rib cortical strains. Note the resulting
injury risk functions (IRFs) are not intended to be used as model-specific functions but as diagnostics of
model differences.

To compare NFR3+ risk estimates obtained from the original material-based mapping, from the calibrated
mapping, and from published model specific curves where available.

Il. METHODS

The present study is based on two essential
based rib fracture risk assessment of HBMs.
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Fig. 1. Flowchart of the approach applied in the present study.
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The flowchart in Fig. 1 illustrates how the two were combined to compare rib fractures observed in tests with
strain-based rib fracture risk predictions and calibrate injury risk function shape parameters to highlight the
differences between the HBMs.

As the starting point for the rib fracture assessment, a subset of the data submitted by the model developers
for HBM qualification for Euro NCAP [16] was analysed. Specifically, the strains in the cortical bone parts of the
ribs were assessed. These were then used directly as input to a probabilistic rib fracture risk prediction method
from literature [6]. To highlight the differences between the HBMs' strain responses under identical boundary
conditions further, calibration strategies were applied, minimising the difference between predicted and
observed injury risk in paired PMHS tests for each HBM individually. The final comparison with the PMHS data
involved Bayesian bootstrapping to better capture and quantify the underlying variability.

The following subsections explain the approach in more detail.

Statistical Analysis of PMHS Results

As the present study sought to utilise rib strain data already submitted as part of the full HBM qualifications
according to TB CP 550 [16], load cases were selected from the HBMA4VT validation catalogue [18-19]. The
following inclusion criteria were used to choose 17 out of the 50 load cases (which are grouped into 19 validation
setups):

e lLoads applied to the rib cage

e Data from at least three PMHS available

e Minimum score thresholds defined in TB CP 550 [16]

e Post-test injury information available

e Inclusion of male subjects only

The rationale behind these selection criteria is detailed in the following. The selection was limited to cases,

where loading was applied to the thorax, i.e., body region of interest in the present study. A minimum sample
size of three was defined in an effort to increase trust in test reproducibility and to reduce the effect of potential
outliers. Furthermore, only load cases where a minimum threshold for at least one of the two objective metric
scores applied in TB CP 550 [16] was defined. The motivation for this criterion was that this provided a minimum
level of trust in the simulation setup’s capability to replicate the respective physical experiments. In addition, only
load cases were included, where enough post-test injury information was available to determine the number of
fractured ribs for each test. Finally, for cases where female and male PMHS were tested, the selection was limited
to male subjects.

TABLE |
OVERVIEW OF UTILISED LOAD CASES

Validation setup Load case Reference PMHS ages # NFR3+
Bouquet et al. 1994 Sternum high speed [20] 76, 57, 66, 69 3
Kroell et al. 1971 High speed [21] 19, 29, 72, 78, 80, 81 4
Lopez Valdes et al. 2018 Restraint condition a [22] 68, 74, 94 3
Restraint condition b [22] 63,73,74 1
Petit et al. 2019 Far-side Sled [23] 74,82, 88, 73, 87,91 4
Salzar et al. 2009 Load Condition 1 [24] 62, 54, 31 0
Load Condition 2 [24] 62, 54, 31 0
Shaw et al. 2009 Gold Standard 2 [25] 59, 66, 67, 67, 74 1
Uriot et al. 2015 Seat Configuration front [26] 85, 84, 84, 89 4
Seat Configuration rear [26] 55, 86, 87, 87 4
Viano 1989 Abdomen low speed [27] 29, 62, 64 0
Abdomen medium speed [27] 38, 66, 64 2
Abdomen high speed [27] 49, 29, 62, 64 2
Thorax low speed [27] 29, 37, 64 0
Thorax medium speed [27] 38, 64, 66, 63 4
Thorax high speed [27] 49, 49, 29, 64, 37 5
Yoganandan et. al 1997 Hub [28] 72,81, 84, 86, 62, 70, 68 5
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Table | above lists all selected load cases with the ages of the tested PMHS and the resulting number of cases
where the number of fracture ribs was three or higher (NFR3+). Note that four of the nine validation setups in
this list were also utilised to tune model-specific injury risk functions for THUMS v4.1 and GHBMC v6.0 [6],
specifically Kroell et al. 1971 [21], Salzar et al. 2009 [24], Shaw et al. 2009, and Yoganandan et. al 1997. However,
based on the filter criteria listed above (the omission of female data in particular), only a subset of PMHS from
these publications were considered in the present study.

Due to the limited sample size of PMHS tests and the inherent variability between subjects, direct comparison
of HBM predicted NFR3+ risk to PMHS injury outcome can be highly uncertain and sensitive to individual
observations. To address this, Bayesian bootstrapping (BB) was applied to estimate the mean NFR3+ risk and its
associated uncertainty through interval estimation.

The PMHS NFR3+ data were grouped by loading condition. For each loading condition with n subjects, the NFR
outcomes for each subject i were treated as binary variables x; € {0, 1}, where 1 indicates NFR3+ occurrence.

Bayesian bootstrapping [29] was performed by assigning random Dirichlet weights, w ~ Dirichlet (1, ...,1) to
the NFR 3+ outcomes. Then the weighted estimate pgg of NFR3+ was obtained by the formula provided in

Equation (1) below:
n
Psp = z WiX; (1)
i=1

This process was repeated over many iterations to generate a posterior distribution of weighted risk estimates,
from which 95% highest density intervals (HDIs) were derived. This approach translates the limited and variable
PMHS samples into a 95% HDI for NFR3+ risk. An HBM prediction that falls within this interval can be regarded as
consistent with the available PMHS evidence, given the uncertainty.

Strain-based Rib Fracture Risk Assessment of HBM Simulations

To qualify an HBM for application according to Euro NCAP’s Frontal Impact Protocol [9] in simulations described
in TB CP 551 [10], all requirements outlined in TB CP 550 [16] must be satisfied. Part of these requirements is the
submission of simulation results to Euro NCAP that demonstrate the HBM'’s biofidelity. In every evaluation
described for these simulations, the minimum objective metric score must be met [16][19]. In the present study,
the binary simulation results of nine HBMs were analysed following their qualification. TABLE Il lists the
considered HBMs, their version numbers and the unit systems they were qualified in.

TABLE Il
OVERVIEW considered HBMs

Name Version Unit system
Hans E v1.80 kg-mm-ms
Hans F v1.80 kg-mm-ms
HBM Connect v2.5 kg-mm-ms
VIVA+ v2.0.1 kg-mm-ms
SAFER HBM v12.0.0 kg-mm-ms

THUMS v4.l t-mm-s

THUMS v7.0 t-mm-s
GHBMC-O v6.2.1 kg-mm-ms
GHBMC-0S v2.4 kg-mm-ms

All simulations had been performed by the HBM developers using the explicit finite element (FE) solver LS-Dyna
(Ansys, Inc. Canonsburg, PA, USA). Only results from the 17 load cases listed in Table | were considered.

For these simulation results, rib fracture risks were assessed using the open-source Python library Dynasaur+
v1.1.0 [30] using the procedure outlined below:

For each shell element of the rib cortical bone and each time step, the 3x3 symmetric strain tensors at the
upper and lower through-thickness integration points were assembled from LS-Dyna outputs. Principal strains
were then reduced to a single scalar per element using four variants that differ by the order of through-thickness
combination and by how compressive and tensile strain components are treated:
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e mean-overall: First compute the mean strain tensor as the element-wise average of the upper and
lower tensors. Then compute its principal strains and report the largest absolute principal strain.

e mean-tension: First compute the mean strain tensor as above. Then compute its principal strains and
report the largest nonnegative principal strain (i.e., the maximum of the three principal strains and
zero), thereby ignoring compression.

e overall-max: Compute principal strains separately at the upper and lower integration points. Report
the maximum absolute value across all six principal strains.

e tension-max: Compute principal strains separately at the upper and lower integration points. Report
the maximum of those six principal strains and zero, thereby ignoring compression.

These four principal strain scalars were then aggregated at the rib level by computing, for each time step, the
95t 99" and 100%" (maximum principal strain, MPS) percentiles across elements, yielding strain-time histories
for each rib. This investigation of different percentiles was included to investigate whether feeding different strain
percentiles into the rib fracture risk functions would result in improved prediction accuracy, loosely following an
approach previously considered for brain injury prediction [31].

The peak strain from each rib’s time history was then used to calculate the fracture probability for each rib,
using the Weibull cumulative distribution function (CDF), which uses age as a covariate [6]. The individual per-rib
fracture ribs were then combined into an overall NFR3+ risk with a Poisson-binomial count model [4][6].

In an effort to further illustrate the differences in strain response from the nine HBMs considered in this study,
similar to the approach outlined in [6], the rib fracture risk function for each HBM was calibrated to minimise
prediction error between the strain-based NFR3+ risk and the injury outcome in the matched PMHS tests.

Specifically, three different calibration strategies were considered for estimating the Weibull scale parameters
(Bo, B1)- In all cases, per-rib fracture probabilities were computed from simulated rib strains and subject age via
a Weibull CDF with fixed shape a, consistent with the approach presented by Forman et al. [6].

1. Count likelihood (“NLL-Count”)
Parameters were estimated by maximising the Poisson-binomial likelihood of the observed rib-fracture
counts per test, equivalently minimising the average negative log-likelihood (NLL) of the counts. This
approach uses the full count information.

2. Tail likelihood for NFR3+ (“NLL-Tail”)
For the indicator of “3 or more fractured ribs” (NFR3+), parameters were estimated by maximising the
Bernoulli likelihood of this indicator, using the Poisson-binomial tail probability provided in Equation (2)
as the predicted probability (i.e., minimising log-loss/cross-entropy).

S=P(N =3) (2)

This strategy targets the relevant threshold directly. For binary classification log-loss is defined in
Equation (3), where y; are the true labels and p; the predicted probabilities.

N
Logloss =~ ¥ (v log(p) + (1 ~ y,) log(1 ~ p) @)
i=1

3. Brier-score minimisation for NFR3+ (“Brier”)
Parameters were estimated by minimising the average Brier score for the NFR3+ indicator, using the
tail probability provided in Equation (2). This emphasises calibration in squared-error terms and is less
sensitive to extreme misclassifications than log-loss. Brier-score is defined in Equation (4), where y; are
the true labels and p; the predicted probabilities.

N
1
BS = NZ()&' - p)? (4)

All three strategies were repeated for the four principal strain scalars mean-overall, mean-tension, overall-
max, and tension-max. The IRFs resulting from these three calibration approaches were then compared with the
results from the original function and with model-specific risk curves where available.
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lll. RESULTS

Toillustrate the effects of different percentile strains and the four principal strain scalars, Fig. 2 shows boxplots
of the maximum strains observed in all 24 ribs for each HBM for the load case Kroell et al. 1971 high speed [21].
Equivalent plots for the other 16 load cases are provided in the Appendix.

Kroell et al. 1971 | High speed

Mean-Tension | 95
Mean-Overall | 95
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Overall-Max | 95
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Fig. 2. Boxplots of maximum strains for all 24 ribs for each HBM in one load case [21]. Note that a logarithmic
axis was used for the strains.

It is evident from Fig. 2 that the strains increase gradually with increasing percentiles, as is to be expected.
Furthermore, within each percentile group, the maximum strain values calculated for the four principal strain
scalars follow a consistent order. Specifically, mean-tension yields the lowest values, followed by mean-overall,
tension-max and overall-max.

The upper plot in Fig. 3 compares the NFR3+ risks from all HBMs obtained by using the original IRF presented
in [5] using the principal strain scalar tension-max. In the background, Bayesian bootstrapping interval estimates
from the matched PMHS tests are indicated.

In several load cases in Fig. 3, no interval estimates are provided. This is because in 9 out of the 17 load cases,
the Bayesian bootstrapping interval estimates collapse, reflecting all-or-nothing outcomes among the PMHS:
NFR3+ in all subjects (Lopez Valdes et al. 2018 RCa, Uriot et al. 2015 SC front and rear, Viano 1989 Thorax high-
speed and medium-speed) or in none (Salzar et al. 2009 LC1 and LC2, Viano 1989 Abdomen low-speed and Thorax
low-speed). Nevertheless, to clearly indicate whether three or more fractures were observed for all or none of
the PMHS in these cases, a thin grey bar was added to the corresponding side of the plot indicating an estimate
of 100% or 0% respectively.

When comparing the HBM results from the original IRF with the interval estimates from the PMHS tests, it is
evident that in the two Uriot et al. 2015 load cases, they agree perfectly, with all HBMs predicting 100% NFR3+
risk. There are three further load cases, where the majority of HBMs aligns well with the interval estimates from
the PMHS data. Specifically, Salzar et al. 2009 LC1 and LC2, and Viano 1989 Thorax high speed. While in the
former, none of PMHS exhibited three or more fractured ribs, in the latter, NFR3+ occurred in all tests. This is
predicted well by the HBMs, with maximum NFR3+ predictions of around 10% and 20% in Salzar et al. 2009 LC1
and LC2 respectively and the minimum prediction of approx. 82% in Viano 1989 Thorax high speed.

Apart from these extreme cases, no overall trend is evident from a load case perspective. It is noteworthy
though, that some HBMs tended towards overpredictions while others tended towards underpredictions.
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Fig. 3. Line plots showing the range of NFR3+ risk for each HBM by validation setup and load case. The upper
plot shows results using the original material-based IRF published by Larsson et al. [5]. The lower plot shows
results using the calibrated HBM-specific IRFs based on Brier minimisation and the MPS from the tension-max
principal strain scalar. For both, the age covariate in the NFR3+ calculation was set to the age of the individual
PMHS, resulting in the range of risk values. Background bands show interval estimates from matched PMHS
tests using Bayesian bootstrapping (light grey).

Following calibration, the results were analysed in the same way. The resulting line plots are presented in the
lower plot in Fig. 3. Comparing the upper and lower line plots, the HBMs’ NFR3+ risk predictions are generally in
better agreement with the PMHS tests for most load cases, clearly illustrating the desired effect of calibration.
The clearest examples for this are Bouquet et al. 1994, Lopez Valdes et al. 2018 RCb, and Shaw et al. 2009 Gold
Standard 2. Prior to calibration, there were several HBMs which either under or overpredicted the injury risk
when compared to the interval estimates. After calibration, the line plots for all HBMs fall within the interval
estimates of these three load cases, apart from small individual deviations. Hence, they can be considered
consistent with the available PMHS evidence. In many other load cases, while the improvement may be less clear
or not as uniform for all HBMs, the overall alignment is at least improved. Examples of this group are Lopez Valdes
et al. 2018 RCa, Salzar et al. 2009 LC1, Viano 1989 Thorax high speed, Thorax medium speed, and Yoganandan et
al. 1997. For Kroell et al. 1971, Viano 1989 Abdomen low speed and Thorax low speed, the effects are mixed, with
some HBMs improving their alignment and others reducing it due to much wider ranges of results. For both load
cases in the Uriot et al. 2015 validation setup, no change was observed, with all HBMs still correctly predicting
100% NFR3+ risk. Finally, for Petit et al. 2019, Salzar et al. 2009 LC2, Viano 1989 Abdomen high speed, and Viano
1989 Abdomen medium speed, the calibration resulted in reduced agreement between the HBMs’ predictions
and the PMHS interval estimates. While it may seem counter intuitive that the results deteriorate following
calibration, this can be explained by the nature of the calibration process. Specifically, each individual PMHS result
is considered equally important. Reduced scores or reduced PMHS-HBM NFR3+ alignment in individual load cases
may occur, as long as this is compensated by a larger increase in other instances as this ensures that the overall
result (i.e., reduced Brier score in the example provided in Fig. 3) is still improved.

To investigate potential reasons for the different degrees to which calibration was able to improve alignment
between PMHS tests and HBM NFR3+ predictions, plots showing the number of fractured ribs in PMHS tests as
function of subject age were created. In addition, mean HBM NFR3+ risk predictions and respective interquartile
ranges (IQRs) were added for the original and calibrated IRF (based on Brier approach). Fig. 4 shows such plots
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for two load cases, Bouquet et al. 1994 and Petit et al. 2019. Notably, the HBM-specific IRF calibration, which
effects on the individual load case results are illustrated in Fig. 3, led to improved agreement between PMHS
results and the prediction from most HBMs for Bouquet et al. 1994. In contrast, the calibration did not improve
HBM predictions for Petit et al. 2019.

Bouquet et al. 1994 | Sternum high speed Petit et al. 2019 | Far-side Sled
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Fig. 4. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black dots).
Resulting mean and interquartile range of HBM NFR3+ risk predictions is shown for the original IRF (blue) and
calibrated IRF (based on Brier approach). The dashed horizontal line indicates three rib fractures as the relevant
threshold for NFR3+. Exemplary plots shown for Bouquet et al. 1994 Sternum high speed [20] (left) and Petit
et al. 2019 [23] (right). Equivalent plots for all load cases are provided in the Appendix.

When comparing the two plots side by side, it is obvious that while for Bouquet et al. 1994 the number of
fractured ribs increases with increasing age, this is not the case for Petit et al. 2019. Since the commonly used
method applied for rib fracture prediction uses age as a covariate in the IRF, fracture risk increases monotonically
with increasing age. This is in line with the PMHS data from Bouquet et al. 1994 with lower NFR for the youngest
subject. However, this assumption is not valid for the PMHS tests presented in Petit et al. 2019, as there is no
evidence for a monotonic relationship between age and NFR, as illustrated by the right-hand side plot in Fig. 4.

While Fig. 3 provides insights into the NFR3+ response of all HBMs in each load case before and after
calibration for one principal strain scalar (tension-max), strain percentile (100'") and calibration strategy (Brier),
it is impractical to use this type of visualisation to compare the three calibration strategies and investigate the
effects of the four principal strain scalars.
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Fig. 5. Comparison of calibration results for the three strategies and the baseline (Larsson at al. 2021 [5]) three.
Brier scores (lower is better) are provided, regardless whether it was used as calibration target. The 12 plots
show all combinations of strain percentiles and principal strain scalar options.

For this purpose, the minimised strategy targets (log-loss or Brier values) were analysed for all 12 combinations
of principal strain scalar and strain percentile considering the three calibration strategies. While detailed bar
charts showing the results per HBM are provided in the Appendix, results of all HBMs aggregated into box plots
were created for easier comparison. Fig. 5 shows the respective results using Brier scores on the y-axes. The
equivalent plot using log-loss is provided in the Appendix.

Analysing the blue box plots for the original IRF [5] in the 12 subplots, it is evident that the Brier scores reduce
(i.e., improve) for the considered principal strain scalars, with mean-tension yielding the highest values, followed
by mean-overall, tension-max and overall-max (from top to bottom in Fig.5). Median Brier scores also
consistently reduce with increasing percentiles for the mean-tension and mean-overall principal strain scalars,
with the 95" percentiles resulting in the highest Brier scores, followed by the 99™" and the 100™ (i.e., the maximum
principal strains). For the tension-max and overall-max principal strain scalars, the lowest Brier scores were
obtained with the 99" percentile strains.

Brier scores for the log-loss-based calibration strategies were consistently higher compared to the strategy
based on Brier score. As is to be expected, the opposite is true when plotting the results with log-loss on the y-
axes (see Fig. A17). Notably, while the spread in Brier score results across HBMs is considerably smaller in certain
principal strain scalar and strain percentile combinations, the overall lowest median Brier score of approximately
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0.17 is achieved for tension-max combined with the 100" percentile strains. This illustrates that the choice of
principal strain scalar can affect the resulting NFR3+ risk prediction just as much as the choice of strain percentile.

In order to illustrate the differences between the calibrated IRF for each HBM, the resulting Weibull CDFs of
single rib fracture risk as a function of strain were plotted. Fig. 6. shows these Weibull CDFs for all HBMs evaluated
at an age of 64 years, matching the mean PMHS age used in this study. This is also consistent with the mean PMHS
age reported in [6]. Calibrated IRFs from NLL-Count, NLL-Tail, and Brier are compared with the baseline IRF from
[5]. For THUMS v4.1 and GHBMC-0 v6.2.1 the HBM-specific IRFs from [6] are also included. Across most HBMs,
the NLL-Count and NLL-Tail calibrations align closely, whereas the Brier-based IRF is shifted towards lower strain
values. Relative to the baseline IRF, the calibrated curves for Hans-E v1.80, Hans-F v1.80, and HBM Connect v2.5
are shifted towards higher strain values, indicating overprediction in these models when using the baseline IRF.
In contrast, for both THUMS models the calibrated IRFs lie to the left of the baseline, indicating underprediction
with the baseline IRF. Notably, for THUMS v4.1 the NLL-Count calibration is closest to the model-specific IRF
reported in [6], while for GHBMC-O v6.2.1 the Brier-based IRF is closest. For VIVA+ v2.0.1, SAFER HBM v12.0.0,
and GHBMC-OS v2.4, the calibrated IRFs remain near the baseline IRF, suggesting comparatively low sensitivity
to the choice of calibration approach.

Weibull CDF for Different HBMs and Optimisation Strategies | Age: 64
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Fig. 6. Weibull CDFs of single rib fracture risk as a function of strain for all HBMs for an age of 64. Each subplot
overlays the IRFs fitted via different optimisation strategies (NLL-Count, NLL-Tail, and Brier) with the baseline
IRF from [5]. Model-specific Weibull CDFs are added from [6] where applicable.

Because the shape and position of the IRFs are highly age-sensitive, calibrated IRFs were also evaluated at
age 45 for all HBMs (Fig. A35), enabling a direct comparison with the plots in [6].

The calibrated Weibull parameters are not reported directly, as the intent is to use the resulting IRFs solely as
diagnostics of model differences rather than as model-specific functions for rib fracture prediction.

IV. DISCUSSION

One goal of this study was to robustly compare HBM-predicted NFR3+ risk to PMHS outcomes in a way that
reflects uncertainty. Because PMHS sample sizes are small and vary across subjects, any single estimate can be
driven by a few tests. To somewhat overcome this issue, Bayesian bootstrapping was used to estimate the interval
of the PMHS NFR3+ risk. The Bayesian bootstrap summarises only what is in the observed PMHS data by
resampling and reweighting; it is a faithful finite-sample summary, but when all outcomes are identical (all zeros
or all ones) its interval collapses to exactly 0% or 100% with no width, which can give a false sense of certainty.
However, this also makes sense intuitively, as there simply is no data to motivate any interval width in this
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scenario. One key shortcoming with respect to Bayesian bootstrapping in the present application is that the age
information from the PMHS is not considered in the resampling. Given the well-established age-dependency of
rib fracture risk [4-7], this represents an important limitation. Future research could investigate ways to improve
the presented approach to account for age. Nevertheless, given the small sample size typically associated with
PMHS tests, providing interval estimates for PMHS results seems reasonable in general as it visualises the inherent
uncertainty related to human variability.

While small sample size and age distributions skewed towards older subjects are common issues in PMHS tests
used for rib fracture prediction [32], another limitation of the experimental data considered in this study is the
outcome distribution. Specifically, in four of the 17 load cases none of the PMHS exhibited three or more fractured
ribs, whereas in five load cases all tests exceeded this threshold. While such all-or-nothing cases can still
contribute to validating tissue-based predictions, it would be preferable to include load cases that yield a
spectrum of outcomes, particularly around the NFR3+ threshold, as these carry the most information for
estimating and validating risk functions. In one of the no-fracture load cases, the same subjects were tested twice
[24]. Given the uniformly non-injurious outcomes, this duplication is unlikely to bias the analysis, though it slightly
reduces the effective sample size. In addition, some PMHS were tested twice on opposite sides of the torso in
two impactor load cases (Viano 1989 Abdomen low speed and Thorax low speed) [27]. To preserve independence,
only the first trial per subject was used.

Comparing the direct strain outputs from nine HBMs revealed considerable differences between them, even
though the results were obtained from simulations under well-controlled boundary conditions. Analysis of the
strain outputs showed that the highest strain values for some of the nine HBMs, particularly when analysing the
100™" percentile of the overall-max principal strain scalar, can be an order of magnitude apart. Given this, applying
one IRF to all models considered in this study is bound to result in considerable differences in predicted NRF3+
risk. While one of the qualified HBMs was validated to reproduce rib strain measurements from PMHS tests
[7][33], to the best of the authors’ knowledge, similar validation for the remaining models has not been reported.

The relatively small differences when investigating maximum strain values across the two tension- and overall-
pairs (i.e., mean-tension compared to mean-overall and tension-max compared to overall-max), are in line with
findings from a study in which strain gauges were applied to the ribs of PMHS subjected to belt loading in a table
top test. There, the strain gauge data confirmed that tensile loading was the predominant mode, most relevant
for rib fracture [34].

However, even with these inherently different strain outputs from the HBMs, several load cases were
identified, in which all HBMs overpredicted NFR3+ risk in practically all simulations. For these load cases, this
points less towards an issue in the HBMs’ modelling approaches and more to a common difference between the
PMHS tests and the simulation setups [19]. At the time of preparing this manuscript, updates to the HBM4VT
validation catalogue were in development. Some of these could improve the alignment between PMHS tests and
the simulation model, thus improving the HBM response.

Moreover, the calibrated IRFs were broadly consistent with published model-specific curves, with different
optimisation strategies aligning best for the two HBMs where model-specific IRFs were available, supporting their
use as diagnostics of model differences. While some over and underpredictions were still observed after the IRF
calibration, the results were more comparable among the models. While highlighting the power of model-specific
calibration, this also illustrates an underlying problem: Tuning model-specific IRFs can mask underlying
differences, e.g. in strain scale. Simply changing the strain to risk mapping does not improve the underlying
difference in biofidelity.

Based on the direct strain results presented in Fig. 2 and the Appendix, omitting even just the highest 1% of
strains likely discards too much data needed for accurate rib fracture prediction in some cases. Notably, to the
best knowledge of the authors, the model-specific rib fracture functions presented in [6] rely on MPS derived
from the mean of the through-thickness integration points, considering tensile and compressive strains, even
though the original publication states that the 95" percentile strains were used. Consistent with that
implementation, the results of the present study indicate that using 100" percentile strains with tensile-based
strain scalars, or 99" percentile strains with principal strain scalars considering overall strains, yields more
accurate predictions than 95 percentile strains.

Three calibration approaches were described. While not the exact tuning framework was not explained in
detail in [6], the NLL Tail approach was modelled to replicate the tuning framework used in that study. As
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expected, NLL Tail calibration generally yields the lowest log loss for NFR3+, because it directly minimises cross
entropy for that binary target. Likewise, Brier score minimisation tends to yield the lowest Brier score. Log-loss is
unbounded and strongly penalises “confidently wrong predictions” (probabilities near 0 or 1 assigned to the
opposite outcome). The Brier score is bounded in [0, 1] and therefore less sensitive to such extremes. In some
load cases, older subjects exhibited fewer fractures, even at the NFR3+ threshold (as illustrated in Fig. 4), contrary
to the model’s monotone age effect. Under this misspecification, Brier score minimisation can be preferable for
NFR3+ because it is more robust to a small number of discordant, high penalty cases. However, this comes with
trade-offs: it does not optimise log-loss and may yield less sharply informative probabilities. NLL Count
optimisation can be preferable when a single model is required to provide calibrated probabilities across multiple
thresholds K (NFRK+) or for the full count distribution. By fitting the Poisson-binomial likelihood to exact counts,
it uses all available information and tends to transfer well across thresholds. However, because the probabilistic
framework does not model element failure or loss of rib cage integrity, strains can grow to non-physical
magnitudes and inter-rib dependence is not captured. Consequently, assessing risks for higher thresholds
(beyond NFR3+) is not advisable, which limits the practical value of NFRK+ approaches.

Limitations

There are several limitations with respect to the present study. A key difference between the used qualification
setups and those used for creating the model-specific risk function presented in [6] is their intent. While the
models set up to obtain the model-specific IRFs were carefully developed to replicate PMHS position in each load
case, the simulation setups available in the HBM4VT validation catalogue are designed to be HBM-neutral [19].
Hence, for instance, the HBM position is not perfectly matched to the PMHS position, but rather the setup was
designed in a way to ensure reasonable reproducibility. This approach enhances comparability between HBMs, a
key requirement for the analyses reported here.

As highlighted above, the setups in the HBM4VT validation catalogue are currently being updated. As soon as
new HBM qualification results from these updated setups are available, the approach presented in this study
should be reassessed.

Due to limited availability of qualification results from other FE solvers, such as Structural Mechanics VPS
(Keysight Technologies Inc., Santa Rosa, CA, USA), at the time of preparing this study, only results using LS-Dyna
were assessed. Future work should investigate the transferability of the IRFs between solvers.

As the intent of the calibrated risk curves was to highlight the differences between the individual HBM
responses, no attempt to verify their validity was included in the present study. Prior to the adoption of new risk
curves, studies investigating stochastic replication of real-world crashes [6][17] could be used to assess their
robustness.

V. CONCLUSION

To the best knowledge of the authors, this is the first study comparing strain-based rib fracture risks across
nine state-of-the-art human body models using 17 standardised simulation setups. By explicitly quantifying
experimental uncertainty in PMHS outcomes using Bayesian bootstrapping, the evidential value of limited
datasets was increased. Large differences in rib strain magnitude were observed across HBMs under identical
boundary conditions, with extreme cases approximately an order of magnitude apart. These differences alone
explain substantial divergence in NFR3+ risk when a single material-based IRF is applied. Maximum or
near-maximum percentiles (99"-100") outperformed 95™ percentile strains, with small differences between 99
and 100" depending on the principal strain scalar. Post hoc calibration of the strain to risk mapping improved
agreement with PMHS-based interval estimates for most load cases. The calibrated IRFs should be interpreted as
diagnostics of model differences, not as model specific IRFs for rib fracture prediction. No single calibration
strategy achieved uniformly good agreement across all load cases. This reflects limitations of an age only covariate
in the IRF and heterogeneity in PMHS outcomes, where fracture risk does not always increase monotonically with
age.

For future use in virtual testing, confidence in HBM based rib fracture predictions should be ensured through
a clear, standardised methodology. The assessment procedure should be standardised, reproducible and
transparent, and validation against relevant evidence (rib fracture outcomes and, where feasible, rib strain
measurements) should be part of the models’ qualification, with uncertainty handled explicitly. This would
support consistent interpretation of results across models and future model updates.
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VIIl. APPENDIX

Boxplots of maximum strains for all 24 ribs for each HBM
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Fig. Al. Boxplots of maximum strains for all 24 ribs for each HBM in load case Bouquet et al. 1994, Sternum high
speed. Note that a logarithmic axis was used for the strains.
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Fig. A2. Boxplots of maximum strains for all 24 ribs for each HBM in load case Lopez Valdes et al. 2018, Restraint
Condition a. Note that a logarithmic axis was used for the strains.
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Fig. A3. Boxplots of maximum strains for all 24 ribs for each HBM in load case Lopez Valdes et al. 2018, Restraint

Condition b. Note that a logarithmic axis was used for the strains.
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Fig. Ad. Boxplots of maximum strains for all 24 ribs for each HBM in load case Petit et
Note that a logarithmic axis was used for the strains.
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Fig. A5. Boxplots of maximum strains for all 24 ribs for each HBM in load case Salzar et al
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Salzar et al. 2009 | Load Condition 2
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Fig. A6. Boxplots of maximum strains for all 24 ribs for each HBM in load case Salzar et al. 2009, Load Condition
2. Note that a logarithmic axis was used for the strains.

Shaw et al. 2009 | Gold Standard 2 HBM

Hans-E v1.80
Hans-F v1.80

HBM Connect v2.5
VIVA+v2.0.1
SAFER HBM v12.0.0
THUMS v7.0
THUMS v4.1
GHBMC-O v6.2.1
GHBMC-0S v2.4

o 00
8820 o 20
o

£107°5 %% 888 % i, o 8 °1%21% o 8 O Qn 20T Faon 0
o o 8 8 o
1%

107

gonmanamn

Mean-Tension | 95
Mean-Overall | 95 4
Tension-Max | 95
Overall-Max | 95
Mean-Tension | 99
Mean-Overall | 99
Tension-Max | 99
Overall-Max | 99
Mean-Tension | 100
Mean-Overall | 100 4
Tension-Max | 100
Overall-Max | 100

Principal Strain Scalar | Percentile Strain

Fig. A7. Boxplots of maximum strains for all 24 ribs for each HBM in load case Shaw et al. 2009, Gold Standard
2. Note that a logarithmic axis was used for the strains.
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Fig. A8. Boxplots of maximum strains for all 24 ribs for each HBM in load case Uriot et al. 2015, Seat
Configuration Front. Note that a logarithmic axis was used for the strains.
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Uriot et al. 2015 | Seat Configuration Rear
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Fig. A9. Boxplots of maximum strains for all 24 ribs for each HBM in load case Uriot et a

/. 2015, Seat
Configuration Rear. Note that a logarithmic axis was used for the strains.
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Fig. A10. Boxplots of maximum strains for all 24 ribs for each HBM in load case Viano 1989, Abdomen high
speed. Note that a logarithmic axis was used for the strains.
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Fig. A11. Boxplots of maximum strains for all 24 ribs for each HBM in load case Viano 1989, Abdomen low
speed. Note that a logarithmic axis was used for the strains.
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Viano 1989 | Abdomen medium speed
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Fig. A12. Boxplots of maximum strains for all 24 ribs for each HBM in load case Viano 1989, Abdomen medium
speed. Note that a logarithmic axis was used for the strains.
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Fig. A13. Boxplots of maximum strains for all 24 ribs for each HBM in load case Viano 1989, Thorax high speed.
Note that a logarithmic axis was used for the strains.
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Fig. A14. Boxplots of maximum strains for all 24 ribs for each HBM in load case Viano 1989, Thorax low speed.
Note that a logarithmic axis was used for the strains.
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Fig. A15. Boxplots of maximum strains for all 24 ribs for each HBM in load case Viano 1989, Thorax medium
speed. Note that a logarithmic axis was used for the strains.
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Fig. A16. Boxplots of maximum strains for all 24 ribs for each HBM in load case Yoganandan et al. 1997, Hub.
Note that a logarithmic axis was used for the strains.
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NFR3+ risk calibration diagnostics by load case comparing PMHS outcomes and HBM predictions

Kroell et al. 1971 | High speed
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Fig. A17. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Kroell et al. 1971. Resulting mean and interquartile range of HBM NFR3+ risk predictions is
shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The dashed horizontal
line indicates three rib fractures as the relevant threshold for NFR3+.

Lopez Valdes et al. 2018 | Restraint Condition a
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Fig. A18. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Lopez Valdes et al. 2018 RCa. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.
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Fig. A19. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Lopez Valdes et al. 2018 RCb. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.

Salzar et al. 2009 | Load Condition 1
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Fig. A20. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Salzar et al. 2009 LC1. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.
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Fig. A21. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Salzar et al. 2009 LC2. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.

Shaw et al. 2009 | Gold Standard 2
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Fig. A22. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Shaw et al. 2009 Gold Standard 2. Resulting mean and interquartile range of HBM NFR3+
risk predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.



IRC-26-53 IRCOBI conference 2026

Uriot et al. 2015 | Seat Configuration Front
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Fig. A23. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Uriot et al. 2015 SCfr. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.
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Fig. A24. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Uriot et al. 2015 SCre. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.
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Fig. A25. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Viano 1989 Abdomen high speed. Resulting mean and interquartile range of HBM NFR3+
risk predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.

Viano 1989 | Abdomen low speed
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Fig. A26. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Viano 1989 Abdomen low speed. Resulting mean and interquartile range of HBM NFR3+
risk predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.
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Fig. A27. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Viano 1989 Abdomen medium speed. Resulting mean and interquartile range of HBM
NFR3+ risk predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier
approach). The dashed horizontal line indicates three rib fractures as the relevant threshold for

NFR3+.
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Viano 1989 | Thorax high speed
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Fig. A28. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Viano 1989 Thorax high speed. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.
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Viano 1989 | Thorax low speed
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Fig. A29. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Viano 1989 Thorax low speed. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.

Viano 1989 | Thorax medium speed
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Fig. A30. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Viano 1989 Thorax medium speed. Resulting mean and interquartile range of HBM NFR3+
risk predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.
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Yoganandan et al. 1997 | Hub
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Fig. A31. Plots showing the number of fractured ribs in PMHS tests as function of subject age (black
dots) for Yoganandan et al. 1997. Resulting mean and interquartile range of HBM NFR3+ risk
predictions is shown for the original IRF (blue) and calibrated IRF (based on Brier approach). The
dashed horizontal line indicates three rib fractures as the relevant threshold for NFR3+.
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Bar charts illustrating calibration results for different strategies for all HBMs
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Fig. A32. Comparison of calibration results for the three strategies and the baseline (Larsson at al. 2021 [5])
three. Brier scores (lower is better) are provided, regardless if Brier score was used as calibration target. The
12 plots show all combinations of strain percentiles and principal strain scalar options.
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Fig. A33. Comparison of calibration results for the three strategies and the baseline (Larsson at al. 2021 [5])
three. Log-loss values (lower is better) are provided, regardless whether log-loss was used as calibration target.
The 12 plots show all combinations of strain percentiles and principal strain scalar options.
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Boxplots illustrating calibration results for different strategies aggregated over all HBMs
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Fig. A34. Comparison of calibration results for the three strategies and the baseline (Larsson at al. 2021 [5])
with the results of the nine HBMs aggregated in box plots. log-loss values (lower is better) are provided,
regardless whether log-loss was used as calibration target. The 12 box plots show all combinations of strain
percentiles and principal strain scalar options.
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Weibull CDFs of single rib fracture risk as a function of strain for all HBMs

Weibull CDF for Different HBMs and Optimisation Strategies | Age: 45
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Fig. A35. Weibull CDFs of single rib fracture risk as a function of strain for all HBMs for an age of 45. Each
subplot overlays the IRFs fitted via different optimisation strategies (NLL-Count, NLL-Tail, and Brier) with
the baseline IRF from [5]. Model-specific Weibull CDFs are added from [6] where applicable.
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