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ABSTRACT

Computational finite element (FE) models are used in suited astronaut injury risk assessments;
however, these models’ verification, validation, and credibility (VWV&C) procedures for simulating
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injuries in altered gravity environments are limited. Our study conducts VV&C assessments of

THUMS and Elemance whole-body FE models for predicting suited astronaut injury biomechanics
using eight credibility factors, as per NASA-STD-7009A. Credibility factor ordinal scores are
assigned by reviewing existing documentation describing VV&C practices, and credibility suffi-
ciency thresholds are assigned based on input from subject matter experts. Our results show the
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FE models are credible for suited astronaut injury investigation in specific ranges of kinematic
and kinetic conditions correlating to highway and contact sports events. Nevertheless, these
models are deficient when applied outside these ranges. Several credibility elevation strategies
are prescribed to improve models’ credibility for the NASA-centric application domain.

1. Introduction

Finite element (FE) models are computational tools
that have been widely used for simulation-based inves-
tigations of human dynamic and traumatic injury
mechanisms. The societal issues surrounding the con-
cussion and the design of protective helmets in contact
sports brought forth the effectiveness of FE models in
studying human head injuries and designing helmets.
In a number of these studies (Bastien et al. 2020;
Bruneau and Cronin 2021), Commercially-Off-The-
Shelf (COTS) whole-body FE models, such as GHBMC
or THUMS, have been used to quantify the biomechan-
ical responses of the human head and neck due to
mechanical insults. These COTS models have been
developed over several years through many calibra-
tions, and Verification and Validation (V&V) proce-
dures to ensure they adequately simulate the real-world
responses of highway and contact sport injury scenarios
(Iwamoto et al. 2012; Untaroiu et al. 2013; Schwartz
et al. 2015). The Modeling and Simulation (M&S)

credibility assessment factors - V&V, data and input
parameter pedigree, simulation result sensitivities,
model results’ Uncertainty Quantification (UQ), and
model use history — are essential to the FE modeling
and simulation development process. They are vital to
ensure that an FE model is credible in the intended
application domain - highway and contact sports appli-
cations in cases of the Elemance and THUMS models.
Within the NASA ecosystem, FE models are widely
utilized for design and mission-based applications to pre-
dict failure mechanisms of aerospace and aeronautical
structures or injury metrics for suited crew members.
Here, FE models inform NASA decision-makers regard-
ing design or process flaws, failure risks, and insight into
how to prevent accidents or injuries from occurring in
future missions. As NASA prepares for future missions
to the Moon and Mars as part of the Artemis program,
quantitative information is being collected to ensure crew
safety, vehicular design, and mission planning. In prepar-
ation for these future missions, NASA has been using
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COTS simplified pedestrian and occupant versions of
whole-body FE models - Elemance and THUMS - to
study and quantify potential injury modalities suited
astronauts might encounter during training or in mis-
sion. In this regard, M&S credibility assessment proce-
dures, as mentioned above, play a critical role in
evaluating the credibility of FE models for application in
suited astronaut injury investigations.

Credibility standards have been previously proposed
for assessing computational models such as the ASME
V&V 40 standard, (ASME 2006) the NIH’s ten rules for
performing M&S credibility practices (Erdemir et al.
2020), and FDA’s guidance for qualification of medical
device development tools (Food & Drug Administration
2017). These credibility guidances were created to serve
researchers through a standardized methodology and sug-
gested guidelines for assessing a given model's M&S
capabilities within a specific context of application.
Within NASA, subsequent to the Columbia accident
investigation that led to standardization of credibility
assessments of computational models used in NASA-cen-
tric designs and informed decision-making, additional
credibility assessment criteria (or credibility factors) for
the traceability of experimental data utilized in defining
model initial and boundary conditions, model use and
history, model management, and people qualification
were added (NASA Headquarters 2008). The NASA-
STD-7009 was then revised and updated to NASA-STD-
7009A, which features a similar V&V evaluation criteria
as other credibility assessment standards (NASA
Headquarters 2016). Akin to NASA-STD-7009, NASA-
STD-7009A also includes credibility assessments of the
inputted model parameters, understanding how any asso-
ciated uncertainty or variance in model input parameter
can affect M&S results, model use and history, and
model management. However, people qualifications cred-
ibility factor is excluded from NASA-STD-7009A.

Currently, comprehensive M&S credibility assess-
ments — especially for NASA Extravehicular Activity
(EVA)-centric astronaut injury biomechanics applica-
tions - of THUMS or Elemance computational mod-
els is limited. Such assessments are needed to convey
the credibility of these models within a NASA-related
context of use. Additionally, these assessments inform
of the credibility of the underlying modeling abstrac-
tions and assumptions that differ from on-Earth high-
way and contact sport applications, for which these
COTS have been verified and validated. In this study,
we evaluate the M&S credibility of two existing COTS
whole-body FE models - THUMS and the Elemance
simplified pedestrian models.

Here, we present a methodology to quantify the cred-
ibility of these models for six of the eight factors outlined
in the NASA-STD-7009A. More specifically, we focus on
performing credibility assessments of THUMS and
Elemance models for the Falling From Heights (FFH)
EVA injury scenario. These credibility assessments are
conducted for potential injury mechanisms identified
within the FFH injury scenario. The injury mechanisms
are based on documented clinical evidence and expert
opinions from Subject Matter Experts (SMEs), internal
and external to NASA. In this manuscript, the Methods
section (Section 2) details the credibility assessment pro-
cedures. The results of our findings are described in the
Results section (Section 3), a synthesis of assessments are
given in the Discussion section (Section 4), and results
summarized in the Conclusions section (Section 5).
Lastly, evidence of the clinical information for the FFH
injury scenario (A1.0), assessment methodology (A2.0),
and documentations pertaining to the FE model’s cred-
ibility ~assessments (A3.0) are presented in the
Supplementary Material.

2. Materials and methods

The credibility assessment process used in this study
evaluates the M&S credibility of the aforementioned FE
models in simulating injury mechanisms associated with
FFH injury scenario. In this assessment, we evaluate the
data and input pedigree, V&V, results uncertainty and
robustness credibility factors in NASA-STD-7009A.
Further, the V&V factors are subdivided by assessing
code/solution verification and conceptual/referent valid-
ation credibility factors (see Supplemental Section A2.0
for details). A summary of the assessed credibility fac-
tors is shown in Table 1. Our implemented method-
ology is summarized by Figure 1. Firstly, suspected
injury scenarios are defined by NASA EVA injury bio-
mechanics SMEs based on a suited injury matrix, which
is developed based on existing evidence (Reiber et al.
2022). Specifically, in this study the FE models are eval-
uated for a FFH injury scenario, which is classified as
an EVA scenario within NASA contexts. Vertebral,
lower limb, shoulder, and thorax injuries arising from
this injury scenario are suspected to occur during
instances of falling from the SpaceX Starship, (max-
imum height of 50m) or falling into a crater on the
lunar surface with a worst-case slope of 20 degrees.

For each of these injury mechanisms, an initial con-
ceptual evaluation of the model is conducted to deter-
mine if the FE model consists of sufficient anatomical
inclusions to capture the biomechanical response of
the injury mechanisms. Insufficient anatomical
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Table 1. NASA 7009 A credibility factors considered in this study and the corresponding descriptions.

Code/Solution

Conceptual/

Credibility factor Data pedigree Input pedigree verification Referent validation ~ Results uncertainty ~ Results robustness
Credibility 2 2 2 3 3 3
Sufficiency
Threshold
Model relations Material properties  Input boundary Verification analysis  Validation analysis ~ Uncertainty Sensitivity analysis
conditions/ quantification
contact

Description Data supplying the  Data supplying the  Evidence the Evidence the Propagation of Changes in the
conceptual boundary/initial concept is concept variations outputs of the
implementation conditions implemented resembles the throughout the simulation due

correctly real-world FE model for to variations in
system of the input the input and
interest conditions and design of the FE
properties model
specified

representation results in an ordinal score of 0 for data
pedigree and conceptual validation credibility factors.
The ordinal scores vary between 0-4 for each credibil-
ity factor, with the scoring details shown in
Supplemental Table 1. Credibility sufficiency thresh-
olds for each factor are specified by NASA EVA SMEs
(Figure 1) for the FFH injury scenario. In this study,
credibility sufficiency thresholds of 2 are specified for
data and input pedigree, and code and solution verifi-
cation while a threshold score of 3 is specified for the
conceptual and referent validation, results uncertainty
and robustness. Information is assimilated from the
published literature, NASA reports, and model devel-
oper provided documentation for evidence of the
computational models’ calibration, training, V&V,
credibility, model history, and management proce-
dures. Based on evidence identified in this search,
ordinal factor scores are assigned for each credibility
factor within the injury mechanisms, using a weighted
average approach detailed in the Supplementary
Material A2.0 (Figure 1). For each of the FFH injury
mechanisms, if the ordinal scores for the FE model
achieves the threshold level, the FE models are consid-
ered reliable for simulating the FFH EVA injury scen-
ario. If the resulting score is below the credibility
sufficiency threshold, score elevation strategies are
identified to achieve satisfactory credibility levels.
Details regarding each of these credibility factors can
be found in the 7009 A standard documentation; how-
ever, a brief overview will be provided in this section.
For the data and input pedigree factors, documentation
which describes the traceability of the material properties
and boundary conditions in the model is considered.
Additionally, V&V studies assess if the conceptual imple-
mentation is correctly formulated for the intended real-
world scenario. For the FFH injury scenario considered
in this study, an impact velocity range between 0-15m/s
is defined by falling from the top of SpaceX Starship

lander (worst case impact velocity of 12.8 m/s) or falling
into a crater (worst case impact velocity of 2.06 m/s),
which is defined based on information reported by SMEs
and derived by kinematic relationships. Based on the rec-
ommendations of computational modeling and EVA
injury biomechanics SMEs, agreement between simula-
tions and experiments within an acceptable uncertainty
range (assumed to be approximately 20% difference) is
used to define the credibility score for the responses.
Additionally, it is recommended that impacts within 20%
of the impact velocity used in the validation case correl-
ate to this defined credibility score, with decreasing scores
outside of this range. Within the referent validation cred-
ibility factor, impact velocities and loading directions are
considered to define the factor scores. This is an appro-
priate assessment procedure based on the NASA stand-
ard for achieving an ordinal score of 3 (NASA
Headquarters 2016). Finally, the credibility factor scores
for results uncertainty and robustness are specified by lit-
erature which assesses changes or variations in the solu-
tions by input parameter uncertainty or variance,
respectively.

The factor scores for the FE models are depicted
by comparing the ordinal factor scores (shown in
‘yellow’) against the sufficiency thresholds (shown in
‘gray’). Also, these scores are compared to the ele-
vated factor scores (shown in ‘blue’) in a separate fig-
ure. Finally, credibility ranges corresponding to the
referent validation cases identified in literature for the
FE models are shown through the histogram-type
contour plots representing the credibility scores for
each loading orientation (prone, supine, top, standing,
lateral) and relevant impact velocities (0-15m/s).

3. Results

This study presents M&S credibility assessments of
THUMS and Elemance FE models for simulating
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EVA Injury Scenario

Based on EVA Suited Injury Matrix*

A

Associated Injury Mechanisms

Derived from clinical evidence

A

Can the Finite Element model simulate No:

the context of the injury scenario?

Assign Credibility
FactorScoreto 0

expected injuries in

Yes: Consultation of NASA-STD 7009A

A

Consult with SME to assign M&S
credibility factor sufficiency scores

Consultation of literature evidence

A A A4

Codeand Soliifian Conceptual and Uncertainty
Data Pedigree Input Pedigree . : Referent Quantification and
Verification S poo :
Validation Sensitivity Analysis
A A, A . A
Traceable Muscle Traceable Motion v VSliEEED HEVE HRESEATTGS
and Tendon PMHS Capture Marker Are verification L
Force and Length Data and Ground practices applied? 2 0EEalIES afid Sensiivibes
; : ’ implemented? been assessed?
Properties? Reaction Forces?
Y A Y
h 4 h 4
Yes No
Assign Credibility Factor Scoreto 1, 2 or 3 Assign Credibility Factor Score to 0

* Denotes the Suited Injury
Matrix and FY21 plan version
(Reiberet. Al., 2002)

N

Compare weighted average credibility score
to credibility factor sufficiency thresholds

A

Recommend score improvement strategies

Figure 1. Flow chart for the falls from height injury scenario credibility assessment performed in this study.

FFH injury mechanisms by evaluating 8 credibility

3.1. Vertebral injury mechanism

factors. Scores are assigned for each of the credibility = The credibility scores for the vertebral injury mechan-
factors for injury mechanisms within the FFH scen-  ism are shown for the FE models in Figure 3. Resultant
ario (Figures 2-9) and elevation strategies are sum-  credibility factor scores for the data pedigree, conceptual
marized by Tables 2 and 3.

and referent validation, and results robustness factors
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Figure 2. Results of the M&S credibility assessment for the vertebral injury mechanism showing the ordinal credibility factor
scores (a) and potential elevated credibility factor scores (b) for the Elemance model and the ordinal credibility factor scores (c)
and potential elevated credibility factor scores (d) for the THUMS model.
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Figure 3. Fall from heights injury scenario credibility heat map describing the impact velocity ranges assessed in the available
literature for the Elemance (a) and THUMS (b) FE models in the vertebral injury mechanism.

are defined as 1 for Elemance and all other factor scores
are set at 0 (Figures 2(a,b)). Further, credibility scores
for THUMS regarding the data and input pedigree,
conceptual validation, referent validation, and results
robustness credibility factors are prescribed 1 (Figures
2(c,d)). The elevated credibility factor scores for

Elemance and THUMS are shown in Figure 2(b,d),
respectively. The updated factor scores for Elemance are
1 for the input pedigree, 2 for the data pedigree, code
and solution verification, results uncertainty and robust-
ness, and 3 for the referent validation credibility factors
(Figure 2(b), Table 2). Similarly, for THUMS, factor
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Figure 4. Results of the M&S credibility assessment for the lower limb injury mechanism showing the ordinal credibility factor scores
(@) and potential elevated credibility factor scores (b) for the Elemance model and the ordinal credibility factor scores (c) and
potential elevated credibility factor scores (d) for the THUMS model.
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Figure 5. Falls from heights injury scenario credibility heat map describing the impact velocities ranges assessed in the available
literature for the Elemance (a) and THUMS (b) FE models for the lower limb injury mechanism.

scores can be increased to values of 1 for the results  (Figure 2(d), Table 3). Figure 3 depicts a summary
uncertainty, 2 for the data and input pedigree, code and  of the current Elemance (Figure 3(a)) and THUMS
solution verification, and results robustness, and 3 for  (Figure 3(b)) referent validation cases for impact condi-
the conceptual and referent validation credibility factors  tions within the FFH injury scenario.
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Figure 6. Results of the M&S credibility assessment for the thoracic injury mechanism showing the ordinal credibility factor scores
(@) and potential elevated credibility factor scores (b) for the Elemance model and the ordinal credibility factor scores (c) and
potential elevated credibility factor scores (d) for the THUMS model.
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Figure 7. Falls from heights injury scenario credibility heat map describing the impact velocities ranges assessed in the available
literature for the Elemance (a) and THUMS (b) FE models for the thoracic injury mechanism.

3.2. Lower limb injury mechanism

The lower limb injury mechanism ordinal and ele-
vated credibility scores are shown in Figure 4 for
Elemance (Figure 4(a,b)) and THUMS (Figure 4(c,d)).
Credibility factor scores of 1 are assigned for the data
and input pedigree, and conceptual and referent

validation factors for Elemance (Figure 4(a)).
Additionally, the data and input pedigree, code verifi-
cation, and conceptual validation credibility factors for
THUMS are defined as 1 and the referent validation
factor is set as 2 for this model (Figure 4(c)). The
credibility factor scores for the rest of the factors are 0
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Figure 8. Results of the M&S credibility assessment for the shoulder injury showing the ordinal credibility factor scores (a) and
potential elevated credibility factor scores (b) for the Elemance model and the ordinal credibility factor scores (c) and potential

elevated credibility factor scores (d) for the THUMS model.
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Figure 9. Falls from heights injury scenario credibility heat map describing the impact velocities ranges assessed in the available
literature for the Elemance (a) and THUMS (b) FE models for the shoulder injury mechanism.

in Figure 4(a,c). Elevation strategies are identified to
elevate all credibility scores to 2 for the Elemance
model, except for the conceptual validation factor,
which is elevated to 3 (Figure 4(b), Table 2). Elevation
strategies for THUMS result in achieving the suffi-
ciency thresholds for all factors other than results

uncertainty (elevated factor score of 2) (Figure 4(d),
Table 3). Figure 5(a,b) present contour plots that
describe the referent validation cases identified in the
literature, which are corresponding to FFH impact
conditions in five different landing postures using the
Elemance and THUMS models, respectively.
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Table 2. Summary of elevation strategies and corresponding score updates for the Elemance FE model for injury mechanisms
within the fall from heights injury scenario.

Inju Original Score
Mecda:‘i’sm M&S Credibility Factor | Credibility | Impr Elemance Simplified Pedestrian Finite Element Model Credibility Enhancement Strategy
Score Potential
Data Pedigree . 1 - 2 | Add deformable vertebral bone (cervical, thoracic), add IVD inclusions (cervical, lumbar) correlating to experimental properties.
Input Pedigree 0 . 1 Contact properties and loading inputs between vertebrae should be updated using experimental evidence.
Code/Solution Verification 0 - 2 | Code and solution verification analysis need to be assessed for key anatomical regions within the FFH scenario.
Verfobrai Conceptual Validation . 1 - 2 | Conduct stress-state conceptual assessments to determine reliability in the vertebral model.
ertebra
Conceptual Validation . 1 - 2 | Update of constitutive models to capture stress and strain rate dependencies are needed for vertebral bone and IVD
Referent Validation . 1 - 3 | Conduct validation cases in a prone, supine, top, and standing conditions for FFH relevant velocities showing good agreement.
Results Uncertainty 0 - 2 | Quantify most sources of uncertainty associated with the simulations within the FFH scenario and identify key uncertainties.
Results Robustness [ 1 (I 2 | Assess sensitivities associated with key material properties.
Data Pedigree [ [ 2 | Add deformable ankle/foot elements with traceable material properties and 2-D and 3-D elements for ankle ligaments
Data Pedigree . 1 - 2 | Add traceable material data for patella bone and knee ligaments
Input Pedigree 0 - 2 | Friction coefficients specified for the contact between regions should be updated based on experimental evidence
i Limib Code/Solution Verification 0 - 2 | Code and solution verification analysis need to be assessed for key anatomical regions within the FFH scenario.
ower Liml
Conceptual Validation . 1 - 3 | Perform additional conceptual assessments using dynamic strain rates in compression, shear, and bending stress states
Referent Validation . 1 - 2 | Perform additional validation cases in a prone, supine, lateral, and standing (velocities exceeding 8m/s) with good agreement to experiments.
Results Uncertainty 0 - 2 | Quantify most sources of uncertainty associated with the simulations within the FFH scenario and identify key uncertainties.
Results Robustness 0 - 2 | Assess key sensitivities related to the material properties and FFH boundary conditions.
Data Pedigree . 1 - 2 | Material properties for soft tissues, sternum, and rib cortical bone should be updated with experimental derived evidence.
Code/Solution Verification 0 - 2 Code and solution verification analysis need to be assessed for key anatomical regions within the FFH scenario.
Thorac Conceptual Validation [ 2 [ 3 | Conduct conceptual evaluation of axial impacts to the ribs along with evaluation of remainder of features in this region
oracic
Referent Validaton [ 2 [N 3 | Perform referent validation cases in prone, supine, and lateral impact conditions with good experimental agreement
Results Uncertainty 0 - 2 | Quantify most sources of uncertainty associated with the simulations within the FFH scenario and identify key uncertainties.
Results Robustness . 1 - 2 | Assess key sensitivities related to the material properties and FFH boundary conditions
Data Pedigree 0 - 2 | Soft tissue representations should be added along with traceable material properties throughout the full region
Input Pedigree 0 - 2 Friction coefficients and joint loading curves should be updated based on anatomically appropriate experimental data.
Code/Solution Verification 0 - 2 | Code and solution verification analysis need to be assessed for key anatomical regions within the FFH scenario.
Should Conceptual Validation o [EE] 3 | Assess the anatomical features to evaluate the resemblance of the RWS in simulations.
oulder
Referent Validation . 1 - 2 | Conduct Prone, supine, and standing referent validation cases.
Referent Validation . 1 - 3 | Show improved agreement in a lateral impact orientation.
Results Uncertainty 0 - 2 | Quantify most sources of uncertainty associated with the simulations within the FFH scenario and identify key uncertainties.
Results Robustness 0 - 2 | Perform assessments for key sensitivities related to the material properties and FFH boundary conditions.

Table 3. Summary of elevation strategies

within the fall from heights injury scenario.

and corresponding score updates for the THUMS FE model for injury mechanisms

Inju Original Score
Mec':a'?i'sm M&S Credibility Factor | Credibility | Imp THUMS Finite Element Model Credibility ay
Score Potential
Data Pedigree 1 2 Update cervical ligaments, meninges, spinal cord, cervical muscle activation with traceable evidence.
Data Pedigree . 1 . 1 Update cortical vertebral bone with corresponding anatomical experimental derivations.
Input Pedigree . 1 - 2 Update contact coefficients (especially for IVD-cortical bone contact) based on observed evidence from RWS.
Vertebral Code/Solution Verification 0 - 2 | Perform Code and solution verification analysis for key anatomical regions within the FFH scenario.
Conceptual Validation . 1 - 3 | Conduct dynamic stress-state dependent validations of vertebral interface with good agreement to experiments.
Referent Validation . 1 - 3 Perform additional validation cases for supine, lateral, top, standing orientations for FFH velocities.
Referent Validation . 1 . 1 Perform validation cases for prone orientation below 10m/s with good agreement to experiments.
Data Pedigree . 1 - 2 Update menisci, patella bone, ankle/foot tendons and ligaments with traceable experimental data.
Data Pedigree . 1 . 1 Update trabecular bone with data from app sources.
Data Pedigree . 1 - 2 | Add muscular anatomy and activation features, BMD considerations for fracture, and stress-state and strain rate properties.
Input Pedigree . 1 - 2 Update contact coefficients between cortical bone and soft tissues based on observed evidence from RWS.
Input Pedigree . 1 . 1| Evaluate knee and ankle joint constraints to ensure boundary conditions in FFH can be captured.
Lower Limb Code Verification . 1 - 2 | Conduct a verification of fibula and ankle ligament models should be conducted for an evaluation of the physics-based representations.
Solution Verification 0 - 2 | Conduct Mesh convergence studies for key features.
Conceptual Validation . 1 _ 3 | Perform dynamic assessments of fibula and femur in bending and compression st tates with good ital ag
Conceptual Validation . 1 - 3 | Perform ankle and knee joint validation in dynamic flexion and extension.
Referent Validation - 2 - 2 Conduct prone orientation validation using impact velocities beyond 5m/s.
Referent Validation - 2 - 3 | Show improved Agreement in lateral and standing impact orientations.
Data Pedigree . 1 - 2 Update material properties for rib trabecular bone, sternum bone, and rib soft tissues with traceable anatomically representative experimental data.
Input Pedigree . 1 - 2 Update contact coefficients with experimental data.
Th . Input Pedigree . 1 - 2 | Evaluate constraints between cortical bone and rib ligaments to ensure resemblance of RWS.
oracic
Code/Solution Verification 0 - 2 | Perform Code and solution verification analysis for key anatomical regions within the FFH scenario.
Conceptual Validation . 1 - 3 | Conduct dynamic axial and bending stress-state validations of anterior thoracic.
Referent Validation . 1 - 3 | Perform validation in supine and lateral impact orientations at FFH relevant velocities with good experimental agreement.
Data Pedigree . 1 - 2 | Update bone material properties with anatomically appropriate data derived from experiments
Data Pedigree . 1 - 2 | Update ligaments should be updated based on traceable experimental data.
Shoulder Input Pedigree . 1 - 2 | Update contact coefficients with experimentally derived values.
Input Pedigree . 1 - 2 Update joint movement with loading conditions to model interaction with xEMU suit in the FFH scenario.
Code/Solution Verification 0 - 2 | Perform Code and solution verification analysis for key anatomical regions within the FFH scenario.
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3.3. Thoracic injury mechanism

The results of the credibility assessment pertaining to
the thoracic injury mechanism is shown by Figure 6
for the Elemance (Figure 6(a,b)) and THUMS (Figure
6(c,d)) FE models. Factor scores of 1 are assigned for
the data and input pedigree for both models and for
THUMS’ conceptual and referent validation factors.
Additionally, factor scores of 2 are specified for
Elemance’s conceptual and referent validation and
THUMS results robustness factors (Figure 6(a,c)).
For Figures 6(a,c), credibility factors not mentioned
above have a score of 0. Elevated factor scores of 2
are identified for Elemance pertaining to the data
pedigree, code and solution verification, and results
uncertainty and robustness and 3 for the conceptual
and referent validation factors (Figure 6(b), Table 2).
For THUMS, the identified elevation strategies
increase the factor scores by 2 (Figure 6(d), Table 3).
Finally, the identified referent validation cases per-
taining to the FFH injury scenario for five different
impact postures are shown for Elemance in
Figure 7(a) and THUMS in Figure 7(b).

3.4. Shoulder injury mechanism

The results of the credibility assessment for the shoul-
der injury mechanism are shown in Figures 9(a,b) for
Elemance and in Figure 8(c,d) for THUMS. The cred-
ibility factor scores for Elemance are limited to the
referent validation factor with a score of 1 (Figure
8(a)). The remaining credibility factors are assigned a
score of 0. Factor scores of 1 are defined for the data
pedigree, input pedigree, and referent validation cred-
ibility factors for THUMS, with all other factors
assigned scores of 0 (Figure 8(c)). Elevation strategies
of the credibility scores result in identical elevated
factor scores between Elemance and THUMS with
newly defined values of 2 for the data and input pedi-
gree, code and solution verification, results uncer-
tainty and robustness and 3 for the conceptual and
referent validation factors (Figures 8(b,d), Tables 2
and 3). The referent validation contour plots are also
depicted for five different impact conditions within
FFH for Elemance and THUMS by Figure 9(a,b),
respectively.

4. Discussion

Our study presents a credibility assessment using the
NASA-STD-7009A for two COTS FE models -
Elemance and THUMS whole-body FE models - for
simulating astronaut injury biomechanics within the
context of NASA-centric applications. V&V is an

essential part of the development process for computa-
tional models; however, the results of the V&V proce-
dures are often significantly influenced by data and
input parameters used to develop these computational
models. By using the NASA-STD-7009A, comprehen-
sive credibility assessments of these models are
conducted by ascertaining the M&S credibility across
the input parameters, and several V&V procedures.
Each model’s M&S credibility is evaluated based on the
evidence compiled through an extensive literature
search, and scores are assigned according to reported
model V&V procedural evidence for each M&S cred-
ibility factor. Details regarding the evidence for pre-
scribing the credibility factor scores and the evaluation
of the overall scores can be found in the Supplemental
Section A3.0. To the best of the author’s knowledge,
this is a first-of-its-kind comprehensive assessment for
performing a verification and validation credibility
assessment of computational models for EVA-related
suited astronaut injury modeling, specifically for injury
mechanisms associated with the FFH injury scenario.
During our credibility assessment, the FE model
input parameters are taken into account by establish-
ing the traceability of the source of data (to published
literature or reported experimental evidence). The
input parameters herein fall under the data and input
pedigree credibility factors, as per NASA-STD-7009A.
As an example, the elastic-plastic material properties of
the lower limb cortical bones (femur, tibia, and fibula),
excluding the foot/ankle skeletal features, are traceable
to experimental evidence from tensile tests for the
THUMS model (Yamada and Evans 1970), and are
defined using experimental data across multiple load-
ing (or stress) states for the Elemance model (Burstein
et al. 1976; Linde and Hvid 1989; Keller et al. 1990).
However, the trabecular bone properties defined for
the femur, tibia, and fibula is derived from experimen-
tal data using vertebral and knee samples for THUMS
and Elemance, respectively. There is an inherent mis-
match in the assignment of these material properties
to femur, tibia, and fibula model components, where
the experimental data used for deriving these material
properties come from vertebral or patella specimens. It
is plausible that the material properties used in these
FE models for femur, tibia, fibula, vertebral, and
patella trabecular bones are similar, albeit not justifi-
able without observed evidence as the anatomical dif-
ferences could also correlate to different bone fracture
and failure criteria. Furthermore, but not limited to
these, the mechanical behavior parameters for the knee
ligaments, shoulder bones, thoracic, and lumbar verte-
brae in Elemance or the ankle, shoulder, cervical
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ligaments, patella, and humerus bone in THUMS are
not found to have traceable evidence, which are
defined by a credibility score of 0 due to the insuffi-
cient evidence. For most FFH injury scenario-related
injury mechanism investigations, the use of Elemance
or THUMS FE models would result in factor scores
between 0 and 1 for data and input pedigree credibility
factors. In essence, these scores are often limited by
the lack of formal traceability to experimental data
used for calculating their properties, or the applied
assumptions, such as those associated with the contact
and interfacial definitions lacking observed evidence.

Documented evidence supporting the code or solu-
tion verification factors of these FE models (THUMS
and Elemance) for simulating FFH injury mecha-
nisms, either by representing the real-world injury
scenario, or a sufficiently analogous referent injury
scenario, is sparse. A unit verification study is
reported by Iwamoto et al. (2005) for THUMS’ femur
and tibia models using a single FE element model to
replicate experimental compressive and tensile behav-
iors (Iwamoto et al. 2005), resulting in a code verifi-
cation factor score of 1 (Figure 4(c)). However, unit
verification studies for the other anatomical features
of THUMS, or the solution verification (mesh conver-
gence) study for the whole FE model is lacking in
published or documented literature. Hence, almost all
scores for code and solution verification credibility
factors for THUMS FE injury mechanisms are 0
(Figures 2(c), 4(c), 6(c) and 8(c)). Similarly, code or
solution verification procedures are not reported in
the literature for Elemance, and as such, the corre-
sponding credibility scores are 0 (Figures 2(a), 4(a),
6(a) and 8(a)).

Conceptual validation cases for THUMS are pre-
sented exclusively for assessments of stress-state
dependent responses such as those performed for the
lumbar vertebrae in compression, bending, shear, tor-
sion, and extension (Iwamoto and Nakahira 2015).
These stress-state based assessments are also presented
for Elemance through bending or compression loads
(Untaroiu et al. 2013); however, additional conceptual
assessments are performed by comparing the simpli-
fied Elemance model to a model with the same geom-
etry but more detailed conceptual implementations
such as the assessments presented for the vertebral
region (Gepner et al. 2020). These assessments support
the specified conceptual validation factor scores for
these FE models of 1-2 for the vertebral, lower limb,
and thorax injury mechanisms (Figures 2, 4, and 6).

Both the Elemance and THUMS models have been
extensively validated with over 80 combined referent

validation cases, as reported in the published litera-
ture. Several of these validation cases are implemented
through rigid impacts and outputs such as force-time
histories (Iwamoto et al. 2005; Shin et al. 2012).
(Iwamoto et al. 2012; Perez-Rapela et al. 2019). When
evaluating the validation cases within the NASA appli-
cation domain, mismatches between the kinematic
ranges for current referent validation studies and the
kinematic range of the FFH led to overall referent val-
idation credibility scores between 1 and 2. In particu-
lar, the T1 and T8 FE vertebrae in THUMS are shown
to have good agreement with experiments with a vel-
ocity range between 13.8 and 20.7 m/s. However, the
validation impact test velocities are significantly higher
than those relevant for the FFH scenario (Figure 3(a))
(Iwamoto et al. 2012). Additionally, for several cases
the prone, supine, top, standing, or lateral loading
directions related to the EVA injury scenario are not
assessed for both THUMS and Elemance (Figures 3, 5,
7, and 9). Specifically, these loading direction-based
limitations are significant in the shoulder injury mech-
anism as only validation cases are available for a lat-
eral impact orientation for relevant FFH impact
velocities. Contrarily, simulating the thorax injury
mechanism using the Elemance model indicates cred-
ibility levels between 1 and 2 for several impact veloc-
ities within prone, supine, standing, and lateral
orientations; however, these values are below the
specified credibility sufficiency threshold (Figure 7(a)).
This is primarily caused by insufficient agreement
between the simulations and experimental data for
validation cases that fall within the kinematic range
for FFH EVA injury scenario (Figure 7(a); prone,
supine, lateral). This may also elucidate underlying
conceptual limitations in the models for the loading
conditions pertinent for these NASA scenarios, which
are explored later in the credibility improvement pro-
cedures for these models.

Credibility assessments for the model’s uncertainty
quantification (UQ; results uncertainty credibility fac-
tor) or sensitivity analyses (results robustness credibil-
ity factor) of the model results are currently limited to
a few studies (Li et al. 2010; Afewerki 2016; Hwang
et al. 2020; Ye et al. 2020). Literature on sensitivity
analysis is primarily focused on vertebral and thorax
regions. These studies rendered a credibility score of 1
for investigating vertebral (THUMS and Elemance)
(Figure 2(a,b)), and 1 (Elemance) and 2 (THUMS) for
thorax injury mechanisms (Figures 6(a,c)). Specifically,
these assessments provide insights into the sensitivities
in material properties in Elemance’s thoracic region
(Hwang et al. 2020), material and input parameters
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within THUMS’ vertebral region (Afewerki 2016), and
some mesh specifications in the Elemance thorax
model (Li et al. 2010). Further, some spaceflight-
related boundary conditions have been assessed for
the lumbar vertebrae in the Elemance model (Ye et al.
2020). Otherwise, there is little evidence in published
literature for UQ for these FE models. Uncertainty
and sensitivity assessments for these models are essen-
tial for establishing the credibility of these models as
these types of analyses can be used to ascertain the FE
results confidence intervals and potential variations in
the model predictions for injuries relating to
anthropometric variations within the broader astro-
naut population.

Our analysis of these FE models also identified sev-
eral strategies to elevate their credibility factor scores
and are discussed in this section relating to THUMS
and Elemance FE model-based in silico studies of ver-
tebral, lower limb, thoracic, and shoulder injury
mechanisms in the context of FFH injury scenario.
The results of our study indicate these models war-
rant additional anatomical, and conceptual feature
implementations to increase their credibility levels
before employing in FFH assessments. For all injury
mechanisms, sufficient traceability in the relevant
material and input parameters is not achieved
(Figures 2, 4, 6, and 8). Therefore, updates in several
of these material and input properties are needed to
establish traceability of defined parameters. The cred-
ibility elevation recommendations for specific model
anatomy abstractions, and the associated elevated
scores are given in Tables 2 and 3. These recommen-
dations would not only improve the traceability of the
data used in model calibration procedures but also
provide experimental evidence for developing concep-
tual implementations necessary for the contextual
simulation of FFH injury scenario (Tables 2 and 3).

Verification and validation procedures are essential
aspects of credibility analysis to ensure the model’s
credibility within the intended application domain.
Additional verification and validation procedures are
needed to ensure model features and conceptual formu-
lations appropriately represent their real-world cases for
improving code/solution verification and conceptual
validation factor scores (Tables 2 and 3). It is well
understood that performing verification and validation
procedures for lunar conditions is difficult; however, a
sufficiently analogous referent for lunar conditions
would be appropriate for improving the credibility
scores for V&V credibility factors. The loading condi-
tion (stress-state) dependencies at impact velocity
ranges relevant for the FFH injury scenario, which have

not been addressed in the current literature, need to be
implemented as novel conceptual stress-state depend-
ency formulations to increase the reliability of the mod-
els in multi-axial loading conditions (Figures 3, 5, 7,
and 9). Additionally, model validation results should
indicate good agreement with the experimental data to
improve these validation factor scores (Tables 2 and 3).
The goodness of the model results, in comparison to
the experimental data, should be assessed through
model-experimental data CORA (Gehre et al. 2009),
ISO (Barbat et al. 2013), correlation coefficient (R?)
scores or similar approaches. Further, sensitivity
analysis and uncertainty quantification should be
conducted for key features in the model (such as
femur, fibula, and tibia modulus and yield strength in
Figure 4(b,d)) and FFH relevant boundary conditions
for elevation of the results uncertainty and robustness
credibility factor scores (Tables 2 and 3).

Lastly, when considering the credibility elevation
strategies for the models in the specific application
domain, it is noteworthy that several of the previously
mentioned elevation strategies need to be imple-
mented together with input data updates, conceptual
formulation implementation, and associated V&V
methods. For instance, when implementing conceptual
formulations to better capture tissue material property
stress state and loading velocity (or strain rate)
dependencies in the THUMS lower limb, the use of
the additional data needed to capture these stress-state
and strain-rate dependencies could elevate the data
pedigree credibility factor score to a value of 2 (Figure
4(d), Table 3). The conceptual formulation would
have to be unit tested through code verification proce-
dures and then validated using experimental data, all
of which led to score elevations for verification and
validation credibility factors (Figure 4(d), Table 3).
Subsequently, ascertaining uncertainty propagations
and model result sensitivities of the newly defined
input data may be used in UQ and sensitivity analysis,
which would elevate the results uncertainty and
robustness factor scores (Figure 4(d), Table 3). These
credibility elevation strategies would in essence assist
in increasing the M&S credibility of THUMS and
Elemance FE models for application in NASA’s FFH
injury scenario and associated injury modalities.
Through these elevation strategies, finite element ana-
lysis (FEA) can be conducted using these FE models
for injury risk assessments relevant to future Artemis
missions. However, several underlying challenges are
inherently associated with the development and design
of any FE simulations. For instance, when investigat-
ing NASA-relevant mission designs, the development
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of the FE simulation must capture the boundary con-
ditions imposed by the spacesuit used in missions
(such as the Axiom Extravehicular Mobility Unit) and
the environmental loading conditions during intrave-
hicular (IVA) or extravehicular (EVA) activity injury
scenarios. These implementations warrant future work
and VV&C assessments to ensure the reliability of the
simulation results. Additionally, other subject-specific
factors, such as differing individual geometric condi-
tions that are associated with a crewmember’s muscu-
loskeletal system or underlying material properties, are
difficult to capture and should be accounted for in the
uncertainties of the simulations. Finally, FE simula-
tions often require a large computational cost, so the
necessary resources should be accounted for when
designing and performing these studies. Despite these
challenges, FEA possesses tremendous capabilities in
performing these injury risk assessments as it offers
the ability to test numerous scenarios that may result
in crew member injuries using various mission param-
eters without the underlying risks that would be
associated with experimental methods. Additionally,
several mitigation strategies can be assessed using
FE simulations to provide stakeholders with vital
information regarding protective factors during mis-
sion preparation.

5. Conclusions

FE models can be used to determine significant
amounts of mission related information for the future
NASA missions; however, ensuring the M&S credibil-
ity of the implemented models is essential. Our study
investigates the COTS FE models THUMS and
Elemance through a credibility analysis relating to
vertebral, lower limb, thoracic, and shoulder injury
mechanisms, which can exist within an FFH injury
scenario. Credibility levels are determined for these
models through an extensive literature search and
credibility factor scores are assigned as outlined in
NASA-STD-7009A. The results of our study indicate
that the credibility levels for these models are below
NASA subject matter expert-informed credibility suf-
ficiency thresholds relating to input parameter pedi-
grees and applied V&V practices (Figures 2, 4, 6, and
8) when simulating FFH injury mechanisms. In the
context of FFH injury mechanisms, certain referent
validation cases for THUMS and Elemance model can
provide higher credibility scores for referent valid-
ation within a specific kinematic range (Figure 3(a);
lateral, Figures 5(a) and 7(a); standing, Figures 5(b)
and 7(b); prone). However, additional referent

validation procedures need to be conducted to cover
the kinematic ranges for all potential FFH situations.
Elevation of the credibility factor scores can be
accomplished for these models through newly defined
material properties and input parameters correspond-
ing to experimental evidence (Tables 2 and 3).
Further, additional V&V practices are warranted
along with assessments of the uncertainty and sensi-
tivities in the model relating to the anticipated EVA
conditions (Tables 2 and 3). Increasing the credibility
of these models will improve their reliability as they
are employed in human space exploration assessments
in support of the future NASA missions.
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