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Abstract

The interior of heavy goods vehicles (HGVs) differs from passenger cars. Both the steering wheel

and the occupant are positioned differently in a HGV and increases the risk of steering wheel

rim impacts. Such impact scenarios are relatively unexplored compared to passenger car safety

studies that are more prevalent within the field of injury biomechanics. The idea with using

human body models (HBMs) is to complement current crash test dummies with biomechanical

data. Furthermore, the biofidelity of a crash dummy for loading similar to a steering wheel rim

impact is relatively unstudied and especially to different rib levels. Therefore, the aim with this

thesis was to evaluate HGV occupant thoracic response between THUMS v4.0 andHybrid III (H3)

during steering wheel rim impacts with respect to different rib levels (level 1-2, 3-4, 6-7, 7-8, 9-10)

with regards to ribs, aorta, liver, and spleen.

To the author’s best knowledge, use of local injury risk functions for thoracic injuries is fairly rare

compared to the predominant usage of global injury criteria thatmainly predicts themost common

thoracic injury risk, i.e. rib fractures. Therefore, local injury criteria using experimental test data

have been developed for the ribs and the organs. The measured parameters were chest deflection

and steering wheel to thorax contact force on a global level, whilst 1st principal Green-Lagrange

strains was assessed for the rib and the organ injury risk. The material models for the liver and

the spleen were remodelled using an Ogden material model based on experimental stress-strain

data to account for hyperelasticity. Rate-dependency was included by iteration of viscoelastic

parameters. The contact modelling of the organs was changed from a sliding contact to a tied

contact to minimize unrealistic contact separations during impact.

The results support previous findings that H3 needs additional instrumentation to accurately

register chest deflection for rib levels beyond its current range, namely at ribs 1-2, 7-8, and 9-10.

For THUMS, the chest deflectionwerewithin reasonable values for the applied velocities, but there

were no definite injury risk. Fact is, the global injury criteria might overpredict the AIS3 injury

risk (rib fractures) for rib level 1-2, 7-8, and 9-10. The rib strains could not be correlated with

the measured chest deflections. This was explained by the unique localized loading characterized

by pure steering wheel rim impact that mainly affected the sternum and the rib cartilage while

minimizing rib deformation. The organ strains indicate some risk of rupture where the spleen

deforms the most at rib levels 3-4 and 6-7, and the liver and the aorta at rib levels 6-7 and 7-

8.

This study provides a framework for complementing H3 with THUMS for HGV occupant safety

with emphasis on the importance of using local injury criteria for functional injury prediction,

i.e. prediction of injury risk using parameters directly related to rib fracture or organ rupture.

Local injury criteria are thus a powerful safety assessment tool as it is independent on exterior

loading such as airbag, steering wheel hub, or seat belt loading. It was noticed that global injury

criteria with very localized impacts such as rim impacts have not been studied and will affect rib

fracture risk differently than what has been studied using airbag or seat belt restraints. However,
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improvements are needed to accurately predict thoracic injury risk at a material level by finding

more data for the local injury risk functions.

Conclusively, it is clear that Hybrid III has insufficient instrumentation and is in need of upgrades

to register chest deflections at multiple rib levels. Furthermore, the following are needed: better

understanding of global injury criteria specific for HGV occupant safety evaluation, more data for

age-dependent (ribs) and rate-dependent (organs) injury risk functions, a tiebreak contact with

tangential sliding for better organ kinematics during impacts, and improving the biofidelity of the

material models using data from tissue level experiments.
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Sammanfattning

Förarmiljön i lastbilar gentemot personbilar är annorlunda, i detta kontext med avseende på

främst ratt- och förarposition som ökar risken för islag med rattkransen för lastbilsförare. Sådana

islag är relativt outforskat jämfört med passiv säkerhet för personbilar inom skadebiomekaniken.

Tanken bakom användning av humanmodeller är att komplettera nuvarande krockdockor med

biomekanisk information. Dessutom är biofideliteten hos en krockdocka vid rattislag relativt

okänt, speciellt vid olika revbensnivåer. Därför är målet med detta examensarbete att undersöka

thoraxresponsen hos en lastbilsförare genom att använda THUMS v4.0 ochHybrid III (H3) under

rattislagmed avseende på revbensnivåer (nivå 1-2, 3-4, 6-7, 7-8, och 9-10) och revben, aorta, lever,

och mjälte.

Enligt författaren verkar användning av lokala riskfunktioner för thoraxskador relativt ostuderat

jämfört med den övervägande användningen av globala riskfunktioner som huvudsakligen

förutser den mest vanligt förekommande thoraxskadan, nämligen revbensfrakturer. Därför har

lokala riskfunktioner skapats för revben och organ, baserat på experimentell data. Uppmätta

parametrar var bröstinträngning och kontaktkraft mellan ratt och thorax på global nivå,

medan första Green-Lagrange huvudtöjningen användes för att evaluera skaderisken för revben

och organ. Materialmodeller för lever och mjälte ommodellerades baserat på experimentell

spänning-töjningsdata med Ogdens materialmodell för att ta hänsyn till hyperelasticitet.

Töjningshastighetsberoendet inkluderades genom att iterera fram viskoelastiska parametrar.

Kontaktmodellering av organ gjordes genomatt ändra från glidande kontakt till en låsande kontakt

för att minimera orealistisk kontaktseparation under islagsfallen.

Resultaten stödjer tidigare studier där H3 visat sig behöva ytterligare givare för att noggrannt

kunna registrera bröstinträngning vid olika revbensnivåer bortom dess nuvarande räckvidd,

nämligen vid revben 1-2, 7-8, och 9-10. Uppmätt bröstinträngning i THUMS var rimliga

för hastighetsfallen men gav inte någon definitiv risk för skada. Faktum är att de globala

riskfunktionerna kan överskatta AIS3 risken vid revben 1-2, 7-8, och 9-10. Revbenstöjningarna

kunde inte korrelerasmed bröstinträngningarna. Detta kunde förklaras genom de unika lastfallen

som karakteriseras av rena rattislag som främst påverkar sternum och revbensbrosk som i sin

tur minimerar deformation av revben. Organtöjningarna indikerar på någon risk för ruptur där

mjälten deformerar som mest vid revben 3-4 och 6-7, medan för både levern och aortan sker det

vid revben 6-7 och 7-8.

Denna studie presenterar ett sätt att komplettera H3 med THUMS inom passiv säkerhet

för lastbilsförare med fokus på lokala riskfunktioner för funktionell skadeprediktering dvs.

prediktering av skaderisken med hjälp av parametrar som är direkt relaterat till revbensfraktur

eller organruptur. Lokala riskfunktioner utgör en kraftfull säkerhetsbedömning som är oberoende

av externa lastfall som t.ex. airbag, rattcentrum, eller bälteslast. I denna studie noterades det att

de globala riskkriterierna inte har undersökts med väldigt lokala islag som rattislagen utgör och

kommer därför att påverka risken för revbensfraktur annorlunda gentemot vad som har studerat,
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t.ex. airbag eller bältelast. Däremot behövs det mer data för de lokala riskkriterierna för att kunna

prediktera thoraxskaderisken med ökad noggrannhet.

Avslutningsvis, det är tydligt att Hybrid III har otillräckligt med givare och behöver förbättras

för att kunna registrera bröstinträngning vid flera revbensnivåer. Vidare behövs följande:

bättre förståelse för globala riskfunktioner anpassat inom passiv säkerhet för lastbilsförare,

mer data för åldersberoende (revben) och töjningshastighetsberoende (organ) riskfunktioner, en

”tiebreak” kontakt med tangientiell glidning för bättre organkinematik, och ökad biofidelitet av

materialmodeller genom att använda data från vävnadsexperiment.
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1 Introduction

The current occupant safety assessment in heavy goods vehicles (HGVs) uses anthropometric

test devices (ATDs) that are mechanical models of the human body, also known as ”crash test

dummies”. Hybrid III (H3) is a commonly used ATD that has both a physical dummy model

and a finite element model, used for physical and virtual testing, respectively. However, H3 was

developed for frontal crash tests according to passenger car settings [1]. Furthermore, it only

measures chest deflection fromone point on themid-sternum relative to the spine [2]. The interior

of a HGV differs from a passenger car setup, see Figure 1.1.

Figure 1.1: HGV occupant position (left) vs. passenger occupant position (right).

The positioning of the steering wheel and the more upright posture of the occupant increases

the risk of thoracic impacts to the steering wheel rim rather than the center hub, causing a more

localized impact rather than a distributed one. Holmqvist et al. [3] mentions that steering wheel

impacts in a HGV occupant setup had at the time yet been evaluated. Furthermore, Holmqvist

[1] discovered that thoracic impact to steering wheel rim remaines an unexplored load case in the

field of injury biomechanics. It is also known that H3 and its original rib cage instrumentation

is insufficient to accurately register thoracic deflections depending on the rib level impact. Thus,

human body models (HBMs) such as Total HUman Model for Safety (THUMS) complements the

lack of biofidelity in ATDs to provide with essential biomechanical data needed for passive safety

assessment whether the intent is HGVs and passenger cars. Figure 1.2 illustrates the differences

in the rib cage anatomy between a HBM and an ATD.
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(a) THUMS ribcage (b) Hybrid III rib cage

Figure 1.2: Comparison of the rib cages in THUMS 4.0 and H3.

Holmqvist et al. [4] have studied bar impacts to the sternum at different rib levels. However, rim

impacts inferior to the sternum in HGV context cannot be neglected as these impact locations

increase the risk of internal organ ruptures where the liver and the spleen injury has been

acknowledged by previous studies to be themost common ones (with the liver beingmore exposed

due to its anatomical size and position) in automotive crashes [5, 6, 7, 8, 9, 10]. Impact locations

inferior to the sternum causes lower rib cage deflection but exposes large internal organs such

as the liver and strain to injury. As the H3 model cannot detect these risks, HBMs become more

important to understand injurymodes that cannot be predicted by ATDs. Therefore, THUMS v4.0

will be used to evaluate thoracic rim impacts in aHGV setup to understand internal injuries.

The aim of this thesis is to evaluate the response of THUMS v4.0 and Hybrid III during steering

wheel rim impacts to the thorax, by analyzing the injury risk to the ribs, liver, spleen, and aorta.

The following steps will be conducted to understand the injury risk with respect to rib level

impacts:

1. Evaluate current global injury risk functions used to predict thoracic injury.

2. Develop local injury risk functions to evaluate injuries at a material level.

3. Conduct a parametric study by simulating steering wheel rim impacts to different rib levels

to evaluate the global and local injury response.
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2 Methods

In the following sections, the framework for conducting the parameter study in this thesis is

described. The occupant positioning with both models and the impact cases are described. To

evaluate the impact locations, the development of injury risk functions are justified and described.

Furthermore, a modification of the THUMS liver and spleen was done.

For simplicity, rib levels e.g. the 4th and the 8th rib level are hereafter denoted as ”ribs 4-8”

throughout the thesis.

2.1 Global and local injury risk functions

In this section, global injury criteria from literature has been used while local injury criteria for

the ribs, liver, spleen, and aorta has been derived using experimental data.

2.1.1 Global injury criteria

Chest deflection is considered the best injury predictor for rib fractures and is commonly used

to assess thoracic injury risks [1], [11], [12]. The global injury risk functions for THUMS and H3

chosen for this thesis is a logistic regression model compiled by U.S. National Highway Traffic

Safety Administration (NHTSA) [13] that utilized test data from 63 cadaver frontal impact sled

tests with different restraint systems (including air bag and seat belt) to predict AIS ≥ 3 thorax

injury risk. This AIS risk predominantly denotes rib fracture risk.

For THUMS, it was chosen due to its versatility as it has the ability to measure deflection on

multiple thoracic impact locations derived from the usage of chest bands in 5 different thoracic

locations during cadaver sled tests [13]. Differences in anthropometry between the cadavers were

accounted for through maximum normalized chest deflection (Dmax) at any one of the five chest

locations. Thus it enables analysis between different subjects as long as deflection is relative to the

unique chest depth.

H3 was developed as a frontal impact ATD with instrumentation that registers responses with

respect to mid-sternum to spine, and has been validated against cadaver studies such as Kroell et

al. [11], which studied frontal hub impact to the mid-sternum. In the injury risk function for H3,

the maximum deflection in mm is used as input and is denoted as Cmax in this thesis.

However, the limitation with both injury risk functions was that the multiple impact locations was

between ribs 4-8 meaning that the risk function might not measure injury risk accurately at the

highest and lowest rib level impact despite using Dmax. Therefore, the injury risk function will be

used for both THUMS and H3 with regards to deflection and initial depth and the results will be

evaluated with respect to its limitation. The logistic regression model is presented in equation 1

and 2:
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f global, THUMS(x) =
1

1 + e−(−2.614+10.877∗Dmax)
(1)

f global, H3(x) =
1

1 + e(3.7124−0.0475∗Cmax)
(2)

To the author’s notice, there are few local injury risk curves that uses material level parameters

such as local stress and strain. For the ribs, a strain-based criteria using HBMs are still quite

unexplored. There are currently some for the ribs, such as the one in Mendoza-Vazquez et al. [2]

that was developed for their modified THUMSmodel but did not use material strains. Considered

more important than for the ribs, injury risk functions for the internal organs in this thesis does

not seem to exist. The intent with developing risk functions in this thesis was to provide an easy

way of predicting risk of fracture/rupture rather than predictions using failure threshold based on

average failure values from experimental studies.

For the failure values, a probability distribution function was assigned to fit this data in MATLAB

R2019a (MathWorks, Natick, USA). A number of distribution was tested and to determine the

best fitted distribution, an Anderson-Darling test (AD-test) was conducted. The function adtest in

MATLABwas used, where it returns a test decision if the null hypothesis defined as if the data set is

from a given distribution is within a significance level (5%) [14]. If the null hypothesis is accepted,

then the distribution with the highest p-value (p) that passed the AD-test (condition: p > 0.05 or

1-p < 0.95) was used. To obtain the injury risk curve, the corresponding cumulative distribution

function (CDF) to the distribution in MATLAB was used. The CDF describes the probability that

a failure strain will lead to a rib fracture or organ rupture.

However, to obtain the exact risk value, amathematical equationwas needed. The log-logistic CDF

was used for the ribs and organs due to its simplicity compared to more advanced both CDF:s that

got slightly higher p-values. The CDF (denoted as f(x) in equation 3) of a log-logistic distribution

is defined as [15]:

f(x) =
xβ

xβ + αβ
(3)

where α = eµ and β =
1

σ
as µ and β are an alternative parameterization that MATLAB uses. This

simple equation shows e.g. that if x = α then the cumulative risk is 50%.

The subsections below describe the local injury risk functions that were developed and its usage

with THUMS v4.0.
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2.1.2 Rib injury risk function

Average failure stress and strain values for rib fracture has been presented in the dynamic tension

study by Kemper et al. [16], [17]. These average values have been used as an injury threshold by

e.g. Mroz et al. [18], but in this thesis a rib injury risk function calculating the risk of fracturing

a rib is presented based on the rib experiments by Kemper et al. [16], [17]. Since three-point

bending was seemed as less accurate due to its associated theoretical limitations such as linear

elastic assumptions and correction factors for plasticity and therefore tension or compression

tests was seen as more reliable to determine the correct rib material properties [16]. In this

thesis, experimental results from the tension tests on rib cortical bone was used to develop the

risk function. More importantly in this thesis, the material properties was quite constant and

similar between different rib levels but nevertheless different between individuals and especially

considering age. This enables a more straightforward analysis when predicting fracture risk to the

ribs during different rib level impacts. However, data from middle-aged men or older, between

40-80 years old, were used to gather as much data points as possible. It was shown by Kemper

et al. [16], [17] that an increase in age is related to a decrease in failure strain. However, due to

the low number of data points, all failure strains from Kemper et al. [17], with the cadavers age

varying between 42 - 81 years old, was therefore used in this thesis.

2.1.3 Liver and spleen injury risk functions

Kemper et al. [19], [20] conducted tension and compression tests with the same rates (0.001/s,

0.1/s, 1/s, and 10/s) for both organs. The results showed that both the liver and the spleen shows

rate-dependency. However, due to limited amount of data, the rate-dependency of the internal

organs was neglected by combining all failure values from all rates. The justification for this was

that the average failure strains for the different rates did not differ by a lot. For all rates, the

maximum strains for the liver ranged from 0.24 to 0.34 and for the spleen 0.18 to 0.26. Using all

data gave a better experimental CDF than accounting for rate-dependency.

For both organs, the main structure consists of a parenchyma and a capsule where the latter is

stiffer and have a higher failure stress (although similar failure strains). Kemper et al. [19], [20]

found that the capsule was almost impossible to isolate from the parenchyma without damage.

The liver study [19] was conducted on only parenchyma while the spleen study [20] had samples

with only parenchyma and capsule with some attached parenchyma. Thus, only parenchyma data

has been used for the risk functions in this thesis.

2.1.4 Aorta injury risk functions

Shah et al. [21] has conducted dynamic biaxial tensile tests on aorta samples from ascending, peri-

isthmic, and descending aorta regions at strain rates that are similar during crash impacts. Gaur

et al. [22] subjected aorta specimens to similar, but also higher, strain rates but in longitudinal
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uniaxial tension. For developing the injury risk function for the aorta, the biaxial tension data

was chosen over the uniaxial tension data as it gave better distribution between the data points

accompanied by a higher p-value. Shah et al. [21] mentioned that Mohan and Melvin [23] found

little difference between the failure stresses and strains from uniaxial and biaxial experiments. In

the THUMS model used, the aorta is divided into upper and lower thoracic parts with identical

material properties. The injury risk function was therefore used for both parts and the highest

measured strain regardless of region was defined as the failure strain.

2.2 Material properties for the ribs and organs in THUMS

Stress-strain relationships for the liver and spleen, denoted as material curves in this thesis, were

found from Kemper et al. [5]. The ribs and especially the different parts of the aorta (thoracic

and abdominal parts) provide with additional complexity, the material curves for these was kept

unchanged due to time restraints. All 12 ribs (both cortical and trabecular bone) in THUMS

have identical material cards and are modelled using *MAT_DAMAGE_2 (trabecular bone - solid

elements) and *MAT_PLASTICITY_WITH_DAMAGE (cortical bone - shell elements). This was

supported by Kemper et al. [16], [17] as it was shown that the rib cortical bone material properties

were independent of rib level and anatomic region. However, if this also applies to the trabecular

bone has not been investigated in this thesis. In THUMS, the aorta was divided into upper thoracic

and lower thoracic parts, but have identical material properties here as well and modelled with

*MAT_ELASTIC_FLUID (solids) and *MAT_FABRIC (shells).

The THUMS liver and spleen had both identical material cards, modelled using *MAT_181_-

SIMPLIFIED_RUBBER/FOAM with a single stress-strain curve as input with no viscoelastic

parameters. Since it has been shown that the liver and spleen are hyperelastic and rate-dependent

and does not have identical properties, an alternative hyperelastic model was considered [5].

*MAT_077_OGDEN_RUBBER was used in this thesis, which also has the option to add

viscoelasticity. The principal Cauchy stress σ, also called true stress, described byOgden is defined

by taking the derivative of the strain energy function W which is a linear combination of strain

invariants with assumed incompressibility [24]:

W (α) =
∞∑
n=1

µn

αn

λαn
1 + λαn

2 + λαn
3 − 3 (4)

σ = µ
dW

dα
(5)

where µ and α are material constants, λ is the principal stretch.
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For uniaxial tension (σ1 = σ, σ2 = σ3 = 0), and incompressibility (λ1λ2λ3 = 1with λ2 = λ3):

σ =
∞∑
n=1

µn(λ
−1+αn − λ−1−αn

2 ) (6)

where σ is the nominal/engineering stress i.e. force per unit undeformed cross-section area, as

described by Ogden [24].

The Ogden parameters µ and α are determined by fitting the Ogden model to the experimental

stress-strain curve, as these parameters describes the rate-independent hyperelasticity of the

model. According to the theory of linear viscoelasticity, the deformation gradient can be divided

into an elastic (rate-independent) and a viscous (rate-dependent) part. The elastic parts are

described by the Ogden parameters, with the Ogdenmodel being a non-linear hyperelastic model.

The viscous part is obtained from the stress relaxation function through a Prony series defined

below:

g(t) =
N∑
i=1

Gie
−βit (7)

where Gi represents the shear relaxation moduli and the maximum of N is 6.

In this thesis, a second-order Ogden model (see equation 8) with Ogden parameters µ and α was

used to fit the quasi-static experimental curve (since the Ogden model is rate-independent) for

the liver and the spleen respectively, containing both compression and tension responses. A two-

parameter Prony series was used to model the viscoelastic property by adding it to the quasi-static

material response and thus accounting for rate-dependency (see equation 9):

σ = µ1(λ
−1+α1 − λ−1−α1

2 ) + µ2(λ
−1+α2 − λ−1−α2

2 ) (8)

g(t) = G1e
−β1t +G2e

−β2t (9)

Specifically in both experiments from Kemper [5], rate 0.001/s was considered as quasi-static

while rate 10/swas used for the dynamicmaterial properties. Hence, theOgden fittingwas applied

to rate 0.001/s experimental curve to obtain µ and α. Afterwards, the viscoelastic parameters was

added to the hyperelastic response. However, no viscoelastic parameters were obtained from the

experiment by Kemper et al. [5]. Therefore it was decided to iterate these by fixing the decay

constant β using discrete spectrum approximation derived by Puso & Weiss [25] and used by

Kleiven [26]. Since the strain rates for the liver and the spleen would most likely reach dynamic

rates of 10-100/s, β1,2 was fixed as 10/s and 100/s while the shear relaxation modulus G1,2 was

iterated for these β. The starting guess for Gi was based on 2Gi = µiαi described by Ogden [24].

By fixing β, a validation for rate 10/s was done by iterating G1 and G2 in LS-DYNA to obtain

a simulation stress-strain curve similar to the experimental one. Furthermore, since the liver

7



and spleen seemed to deform mostly in tension and shear rather than compression, as was seen

using THUMS original liver and spleen model, the iteration of the shear relaxation moduli was

determined to obtain a good validation for the experimental tensile curve. Hence the resulting

fitted curve was not validated for the experimental compressive curve. However, it was noted that

the relaxation modulus increased the linearity while α gives the non-linear characteristic through

the Ogden model. Hence, α was modified to obtain a realistic validation.

However, the data points were not tabulated. Hence, Webplotdigitizer [27] was used to extract

the data points from the presented material curves. The disadvantage with this method was that

for the compression data at low strains, the extraction was not good since the stress values were

near zero. It was noted from the experiments that the load cell sensitivity was 1 N and thus the

stress values were converted to force using the original cross-section area of the specimen. All

compression values below 1 N were disregarded to enable a better transition from compression to

tension at the origin.

2.3 Model validations

The validation of the thorax and abdomen in THUMS is briefly described. Furthermore, the

validation of the material model of the liver and spleen are described.

2.3.1 THUMS v4.0

The thorax and abdomen has been validated for anterior and lateral (only thorax) impacts [28].

More specifically, cylindrical impact and belt loading but also a bar impact to the abdomen.

However, nomaterial level validation e.g. for the ribs, liver, spleen, and aorta has been conducted.

In contrast, the pelvis, humerus, femur, knee joint, tibia, and ankle and foot has all been

validated.

2.3.2 Material model validation of the liver and the spleen

To ensure that the material response corresponds to the experimental material data, a single hex

element with the Ogdenmaterial model was used to validate themodel response to the experiment

in Kemper et al. [19] and [20]. A uniaxial tensile test was conducted according the experiments

[19] and [20]. The obtained hyperelastic parameters from the fitted quasi-static material curve as

described in section 2.2was used. The iterated viscoelastic parameterswas inserted in thematerial

model and adjusted until the validation was acceptable.
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2.4 Contact modelling of the liver and the spleen

The contacts for the internal organs was originally defined by a single surface contact with only

shells, covering the solid parts. However, the superior parts of the liver were partly merged

with the diaphragm [28]. This caused larger strain concentrations in the liver during impact.

Furthermore, all the internal organs moved very freely by only having contact with each other

through a single surface contact as the rib cage compressed during impact. This created large

voids/cavities between the parts due to contact separation that seemed unrealistic. Thus, to

avoid the unrealistic strains andmovement of the internal organs, a tied contact (TIED_SHELL_-

EDGE_TO_SURFACE_BEAM_OFFSET) was added to tie the liver and the spleen to the closest

surrounding organs during the impact to decrease the cavities. The scale factor for both the shell

slave and master surface thickness was set to 65, tying 4800 of 4807 nodes which was deemed

enough. Mainly the organs covered by the peritoneum was included in the tied contact.

2.5 Simulation setup

The THUMS v4.0 occupant model was based on a passenger car setup. Therefore, the model was

repositioned according to the standard HGV positioning. The first subsection below will describe

the methodology of the positioning in LS-DYNA.

To minimize unnecessary simulation issues due to the time limit, a simplification of the HGV

environment through boundary conditions were used. Thus, cab interiors such as seat belt,

occupant seat, etc. was not included. Applied kinematics accounted for the effect of decelerating

systems such as seat and belt loading, meaning that the velocities applied in this study are those

experienced after the restraint systems have decelerated the occupant. Pure angular impact

velocities was therefore applied to THUMS andH3 such that the torso rotated towards the steering

wheel. The lower body was constricted by locking the femur and making it rigid with the purpose

to eliminatemovement of the lower body during the thoracic rotation. This mimics the lower body

stoppage as the knees have impacted the instrument panel, occurring before the thoracic impact

simulated in this study and therefore pure rotation with translation being minimal after the knee

impact. The steering wheel was fixed in space but the steering wheel rim was chosen to be able to

rotate, to obtain realistic kinematics of the rim when deformed by the thorax.

2.5.1 Positioning of THUMS and H3

The importance of the positioning was to obtain a reliable comparison with the H3 model that

corresponds to the HGV occupant position, to get as realistic thoracic response as possible due

to the differences in upper body position and knee angle between the HGV and the passenger

car setup. The most important angle was the hip angle, as the applied thoracic rotation was with

respect to the hip. Thus the hip angle of H3 and THUMS had to be similar. The goal was to rotate

the H3 torso such that it was in line with the THUMS torso, using the dummy positioning tool
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in LS-PrePost v4.3 (Livermore Software Technology Corporation, Livermore, USA) through the

”Positioner interface” and the option ”Lumbar”. The lumbar was rotated so that the chest pad was

in line with the THUMS thorax to ensure as similar impact angle between the rim and the chest

as possible and such that the H3 anthropometry was similar to THUMS since the rib level impacts

was the parameter study.

To assess different steering wheel impacts to different rib levels, the anthropometry between H3

and THUMS was assumed as similar e.g. as if H3 and THUMS were being placed as an occupant

to a specific steering wheel position. Thus, the positioning of the steering wheel was according to

the rib levels in THUMS as the HBM imitates a human occupant. The steering wheel position

in the THUMS setup was used on H3 to have similar rib level impacts to ensure reasonable

cross-correlation between the two. This was done in LS-PrePost by importing both models and

overlapping them at the hip joint to compare hip angle (between thigh and torso) and from there

use the same steering wheel positioning. The final positioning with respect to the torso and

steeringwheel positioning is shown inFigure 2.1, with the steeringwheel placed at ribs 9-10.

Figure 2.1: Positioning of THUMS and H3, using the steering wheel positioning based on THUMS
rib levels. Here, steering wheel is positioned at ribs 3-4.
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Figure 2.2: Comparison of THUMS and H3, side view illustrating the hip and thorax angle. The
same steering wheel position was used for both models.

2.5.2 Impact cases - kinematics

As to evaluate which impact position can be the least injurious, different steering wheel rim impact

locations on the thorax with respect to rib level was considered. This might give an idea where the

steering wheel should be placed to hit the thorax to minimize injury during impact. In this thesis,

only contact to the thorax was considered, meaning that e.g. contact to the steering wheel with the

head, shoulders, and arms were not defined. The different conditions are listed in Table 2.1 and

illustrated in Figure 2.3:

• Thoracic impact locations:

Table 2.1: Steering wheel impacts to the different thoracic regions.

Anatomical location Description
Between 1st and 2nd rib Beneath the clavicle joints
Between 3rd and 4th rib Almost center of the sternum, in

line with the heart muscle
Between 6th and 7th rib In the middle of the liver
Between 7th and 8th rib Affecting the liver, stomach, and

spleen
Between 9th and 10th rib Lowest part of

the rib cage affecting the kidneys
and small intestines
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Figure 2.3: THUMS rib cage, illustrating the rib level impacts

• Thoracic angular velocity towards the steering wheel:

In reality, the impact kinematics consists of both translation and rotation but with rotation

dominating. In this thesis, only rotation was considered as the translation was seen to be

mostly incorporated during the knee impact with the instrument panel. An angular velocity

was applied to all parts from the hip/buttock up to the head, see Figure 2.4.

The lower body was constrained by making the femur rigid and constraining a node on each

femur in translation, i.e. rotation was allowed to avoid constraints during rotation at the hip.

This was done to construct the impact as the steering wheel impact occurs after the knees hit

the instrument panel. The velocity matrix is defined in Table 2.2, chosen as these represent

realistic impact velocities in a HGV setup:

Table 2.2: Angular thoracic velocities.

Angular velocity
[deg/ms] [rad/s]

0.3 5.24
0.6 10.5
0.9 15.7
1.0 17.5
1.2 20.9
1.3 22.7
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Figure 2.4: The red color illustrates the parts from the hip/buttock up to the head where angular
velocity is applied. This positioning is a ribs 1-2 impact.

For each simulation, 128 cpus and 64 cpus was used to simulate the THUMS and H3model,

respectively. All simulations ran on single precision using LS-DYNA version 11. Since it was

decided that only pure thoracic impacts was to be investigated in this thesis, the maximum

chest deflection was determined at the time where the head would impact the steering wheel

and the strains and the contact forces (between the thorax and the steering wheel) were

chosen at that point in time.
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2.6 Simulation parameters

The main parameters to be able to evaluate injury risk with respect to rib level was chest

deflection and local strains at material level. Contact force was also measured to compare

the exterior of the models during the impact.

The chest deflection in H3 is sternum relative to spine [29]. The deflection in H3 was

measured using the potentiometer and the instructions are defined in the H3 manual [30].

For THUMS, the deflection was measured in post-processing using the ”follow” option that

locks a rigid part (e.g. a vertebrae) and allows relative displacement to be followed. The

relative motion in this case was sternum relative to the horisontal/perpendicular spine

vertebrae to obtain a comparison with the H3 deflection. However, for ribs 7-8 and 9-10,

i.e. inferior to the sternum the deflection was measured skin relative to spine for obvious

reasons. Since Dmax was used, this was deemed acceptable. For H3, a time step of 0.01 ms

was used (recommendation was 1 µs but 0.01 ms was enough). SAE filter, 108 Hz (ms) was

used to eliminate oscillations when needed. This option was usually the minimum required

to eliminate oscillations for both the deflection and the force plots, and is stated for several

post-processing options such as acceleration plots in the H3 post-processing manual.

Some element strains might be unrealistic high, despite having a robust simulation such

as energy ratio close to 1, hourglass energy ≤ 10% of the internal energy, positive contact

energies. This might be due to numerical errors and thus the maximum 95th percentile

element strain was used as the maximum strain in the analysis. Specifically for measuring

the maximum rib strains, the maximum of all elements involved in the two ribs constituting

the rib level was determined as the maximum. 1st principal Green-Lagrange (GL) strain

was used in all experiments involving the ribs and organs and was therefore used for the

evaluation.
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3 Results

3.1 Injury risk functions

In this section, the resulting injury risk curves are plotted as cumulative risk as a function

of failure strain. The empirical CDF for each injury risk curves is plotted to visualize how

well the theoretical risk curve fits the experimental data set. The corresponding equation is

presented with unique parameter values and associated p-value.

3.1.1 Rib injury risk function

The log-logistic CDF for the ribs are described by the parameters µ = −3.80998 and σ =

0.258858 gives α = e−3.80998 ≈ 0.02 and β = 1
0.258858 ≈ 3.86. The cumulative risk describes

the probability of sustaining a rib fracture in any rib level. For example, a rib strain of 0.022

gives a 50% risk of a rib fracture (p=0.9091). The log-logistic CDF equation for the rib injury

risk curve is defined in equation 10.

f ribs(x) =
x3.86

x3.86 + 0.023.86
(10)

where x is the Green-Lagrange rib strain.

Figure 3.1: Injury risk curve for the ribs, independent on rib level and anatomic region.
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3.1.2 Liver and spleen injury risk function

The log-logistic CDF with parameters are presented in 3.2 and 3.3. The cumulative risk

describes the probability of sustaining a liver and/or spleen rupture. For example, a liver

strain of 0.29 gives a 50% risk of a liver rupture (p=0.954) while a spleen strain of 0.20 gives

a 50% risk of a spleen rupture (p=0.8625). The log-logistic CDF equation for the liver and

spleen injury risk curve is defined in equation 11 and 12 respectively:

f liver(x) =
x5.37

x5.37 + 0.295.37
(11)

where x is the Green-Lagrange liver strain and µ = −1.24148 and σ = 0.186226 which gives

α = e−1.24148 ≈ 0.29 and β = 1
0.186226 ≈ 5.37.

Figure 3.2: Rate-independent injury risk curve for the liver.
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f spleen(x) =
x5.50

x5.50 + 0.205.50
(12)

where x is the Green-Lagrange spleen strain and µ = −1.61745 and σ = 0.182036which gives

α = e−1.61745 ≈ 0.20 and β = 1
0.182036 ≈ 5.50.

Figure 3.3: Rate-independent injury risk curve for the spleen.
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3.1.3 Aorta injury risk function

The log-logistic CDF with parameters are presented in 3.4. The cumulative risk describes

the probability of sustaining an aorta rupture. For example, an aorta strain of 0.24 gives a

50% risk of rupture (p=0.8486).

f aorta(x) =
x4.03

x4.03 + 0.244.03
(13)

where x is the Green-Lagrange aorta strain with log-logistic CDF parameters µ = −1.44598

and σ = 0.248249 which gives α = e−1.44598 ≈ 0.24 and β = 1
0.248249 ≈ 4.03.

Figure 3.4: Rate-independent injury risk curve for the aorta, independent of aorta anatomical
region.
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3.2 Material model validation for the liver and the spleen

The hyperelastic Ogden fitting of the liver and spleen compression and tension curve (quasi-

static rate) from Kemper et al.[19] is presented with corresponding µ and α in Figure 3.5

and 3.6. These hyperelastic parameters were then used for a validation with the dynamic

experimental curve presented in Figure 3.7, 3.8:

Figure 3.5: Hyperelasticmaterialmodel validation of the liverwithµ1 = 0.0013MPa, µ2 = −0.0083
MPa, α1 = 15.98, and α2 = −4.544 (R2 = 0.9983), using the quasi-static liver material curve from
Kemper et al. [19].

Figure 3.6: Hyperelastic material model validation of the spleen with µ1 = 0.0009 MPa, µ2 =
−0.0044MPa, α1 = 13.72, and α2 = −9.137 (R2 = 0.9966), using the quasi-static spleen material
curve from Kemper et al. [20].
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Figure 3.7: Hyperelastic material model validation of the liver with G1 = 0.005 MPa and G2 =
0.010MPa, using the dynamic (10/s) liver material curve from Kemper et al. [19]. α1 = 23.50 and
α2 = −4.544, where α1 was increased.

Figure 3.8: Hyperelastic material model validation of the spleen with G1 = 0.022 MPa and
G2 = 0.027 MPa, using the dynamic (10/s) spleen material curve from Kemper et al. [20].
α1 = 24.32 and α2 = −9.137, where α1 was increased.
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3.3 Simulation results

The deflections are presented in absolute values for each model in Table 3.1 to 3.5 denoted

as DTHUMS and DH3. The risk is presented in percent.

For the cases were head impact never occurred, the simulation results were obtained when

themaximumwas achieved andno othermaximumseemed to occur aswell as the body/head

started moving back. The strains were chosen based on the time where the maximum

deflection occurred.

(a) Initial position (b) Mid-impact (c) Just prior to head impact

The results are compared and discussed in section 4.1.

Table 3.1: Impact 1: Ribs 1-2.
The risk associated with the deflections for THUMS and H3 denotes an AIS≥ 3 risk and uses
normalized deflections i.e. Dmax for THUMS and Cmax for H3. The risk for the ribs and organs
predicts rib fractures and organ ruptures respectively. F is the contact force between the steering
wheel and the thorax.

Sternum-spine depth used for THUMS: 132.65 mm
Sternum-spine depth used for H3 [3]: 229 mm

Velocity DTHUMS

(% risk)
DH3

(% risk)
FTHUMS FH3 εribs

(% risk)
εliver
(% risk)

εspleen
(% risk)

εaorta
(% risk)

5.24
rad/s

34.4 mm
(55.2%)

2.14 mm
(2.63%)

1.34
kN

1.38
kN

0.0014
(0%)

0.136
(1.7%)

0.091
(1.35%)

0.080
(1.29%)

10.5
rad/s

45.9 mm
(75.9%)

11.3 mm
(4.01%)

3.43
kN

3.25
kN

0.0019
(0%)

0.181
(7.5%)

0.129
(8.56%)

0.152
(14.7%)

15.7
rad/s

48.1 mm
(79.1%)

14.1 mm
(4.55%)

4.48
kN

5.16
kN

0.0013
(0%)

0.135
(1.64%)

0.139
(12.5%)

0.081
(1.33%)

17.5
rad/s

48.8 mm
(80.0%)

15.7 mm
(4.90%)

4.67
kN

5.21
kN

0.0027
(0%)

0.203
(13.0%)

0.144
(14.8%)

0.171
(21.5%)

20.9
rad/s

49.4 mm
(80.8%)

17.1 mm
(5.21%)

5.07
kN

5.58
kN

0.0028
(0%)

0.207
(14.3%)

0.154
(19.6%)

0.178
(24.3%)

22.7
rad/s

49.6 mm
(81.0%)

17.4 mm
(5.29%)

5.30
kN

5.71
kN

0.0028
(0%)

0.209
(14.9%)

0.155
(20.6%)

0.178
(24.4%)
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Table 3.2: Impact 2: Ribs 3-4. The risk associatedwith the deflections for THUMS andH3 denotes
an AIS≥ 3 risk and uses normalized deflections i.e. Dmax for THUMS and Cmax for H3. The risk for
the ribs and organs predicts rib fractures and organ ruptures respectively. F is the contact force
between the steering wheel and the thorax.

Sternum-spine depth used for THUMS: 164.00 mm
Sternum-spine depth used for H3 [3]: 229 mm

Velocity DTHUMS

(% risk)
DH3

(% risk)
FTHUMS FH3 εribs

(% risk)
εliver
(% risk)

εspleen
(% risk)

εaorta
(% risk)

5.24
rad/s

24.6 mm
(27.3%)

9.53 mm
(3.70%)

1.42
kN

1.18
kN

0.0015
(0%)

0.213
(16.2%)

0.110
(3.77%)

0.158
(16.7%)

10.5
rad/s

41.9 mm
(54.1%)

31.7 mm
(9.90%)

3.14
kN

2.85
kN

0.0027
(0%)

0.207
(14.2%)

0.172
(31.6%)

0.157
(16.3%)

15.7
rad/s

48.3 mm
(64.3%)

39.3 mm
(13.6%)

4.11
kN

3.47
kN

0.0031
(0%)

0.229
(22.4%)

0.192
(45.5%)

0.193
(30.8%)

17.5
rad/s

49.3 mm
(65.8%)

39.2 mm
(13.6%)

4.23
kN

3.62
kN

0.0031
(0%)

0.236
(25.2%)

0.197
(49.0%)

0.191
(30.0%)

20.9
rad/s

50.3 mm
(67.3%)

37.0 mm
(12.4%)

4.47
kN

3.90
kN

0.0032
(0%)

0.248
(30.3%)

0.208
(56.5%)

0.197
(32.9%)

22.7
rad/s

50.2 mm
(67.2%)

37.9 mm
(12.9%)

4.58
kN

4.09
kN

0.0032
(0%)

0.250
(31.4%)

0.209
(57.3%)

0.192
(30.3%)
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Table 3.3: Impact 3: Ribs 6-7. The risk associatedwith the deflections for THUMS andH3 denotes
an AIS≥ 3 risk and uses normalized deflections i.e. Dmax for THUMS and Cmax for H3. The risk for
the ribs and organs predicts rib fractures and organ ruptures respectively. F is the contact force
between the steering wheel and the thorax.

Sternum-spine depth used for THUMS: 170.72 mm
Sternum-spine depth used for H3 [3]: 229 mm

Velocity DTHUMS(%
risk)

DH3 FTHUMS FH3 εribs(%
risk)

εliver(%
risk)

εspleen(%
risk)

εaorta(%
risk)

5.24
rad/s

29.1 mm
(31.9%
risk)

12.5 mm
(4.24%
risk)

0.94
kN

1.04
kN

0.0011
(0%
risk)

0.187
(8.79%
risk)

0.093
(1.56%
risk)

0.116
(5.41%
risk)

10.5
rad/s

39.2 mm
(47.1%
risk)

32.5 mm
(10.3%
risk)

2.22
kN

2.48
kN

0.0023
(0%
risk)

0.244
(28.5%
risk)

0.135
(10.9%
risk)

0.202
(35.0%
risk)

15.7
rad/s

42.7 mm
(52.6%
risk)

35.8 mm
(11.8%
risk)

3.21
kN

3.66
kN

0.0028
(0%
risk)

0.278
(44.6%
risk)

0.165
(26.9%
risk)

0.252
(56.7%
risk)

17.5
rad/s

43.0 mm
(53.1%
risk)

34.7 mm
(11.3%
risk)

3.52
kN

3.74
kN

0.0029
(0%
risk)

0.286
(48.8%
risk)

0.173
(31.8%
risk)

0.268
(62.6%
risk)

20.9
rad/s

42.7 mm
(52.6%
risk)

33.7 mm
(10.8%
risk)

3.92
kN

3.52
kN

0.0029
(0%
risk)

0.289
(50.0%
risk)

0.183
(38.9%
risk)

0.273
(64.3%
risk)

22.7
rad/s

42.7 mm
(52.6%
risk)

32.3 mm
(10.2%
risk)

4.00
kN

3.57
kN

0.0029
(0%
risk)

0.291
(51.0%
risk)

0.187
(41.8%
risk)

0.278
(66.0%
risk)
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Table 3.4: Impact 4: Ribs 7-8. The risk associatedwith the deflections for THUMS andH3 denotes
an AIS≥ 3 risk and uses normalized deflections i.e. Dmax for THUMS and Cmax for H3. The risk for
the ribs and organs predicts rib fractures and organ ruptures respectively. F is the contact force
between the steering wheel and the thorax.

Chest-spine depth used for THUMS: 206.42 mm
Sternum-spine depth used for H3 [3]: 229 mm

Velocity DTHUMS(%
risk)

DH3(%
risk)

FTHUMS FH3 εribs(%
risk)

εliver(%
risk)

εspleen(%
risk)

εaorta(%
risk)

5.24
rad/s

40.8 mm
(38.7%)

11.6 mm
(4.07%)

0.68
kN

0.99
kN

0.00041
(0%)

0.177
(6.61%)

0.089
(1.23%)

0.101
(3.15%)

10.5
rad/s

50.9 mm
(51.6%)

29.2 mm
(8.90%)

1.49
kN

2.33
kN

0.00059
(0%)

0.226
(21.1%)

0.102
(2.47%)

0.164
(18.8%)

15.7
rad/s

55.2 mm
(57.3%)

31.1 mm
(9.66%)

2.19
kN

3.11
kN

0.00074
(0%)

0.259
(35.6%)

0.124
(6.90%)

0.219
(42.5%)

17.5
rad/s

55.2 mm
(57.4%)

31.9 mm
(10.0%)

2.27
kN

3.30
kN

0.00075
(0%)

0.262
(36.9%)

0.128
(8.13%)

0.215
(40.8%)

20.9
rad/s

56.7 mm
(59.3%)

29.5 mm
(9.02%)

2.57
kN

3.08
kN

0.00084
(0%)

0.273
(42.5%)

0.135
(10.9%)

0.229
(47.1%)

22.7
rad/s

57.7 mm
(60.5%)

28.8 mm
(8.75%)

2.74
kN

2.97
kN

0.00092
(0%)

0.279
(45.4%)

0.120
(11.9%)

0.237
(50.5%)

Table 3.5: Impact 5: Ribs 9-10. The risk associated with the deflections for THUMS and H3
denotes an AIS≥ 3 risk and uses normalized deflections i.e. Dmax for THUMS and Cmax for H3.
The risk for the ribs and organs predicts rib fractures and organ ruptures respectively. F is the
contact force between the steering wheel and the thorax.

Chest-spine depth used for THUMS: 215.57 mm
Sternum-spine depth used for H3 [3]: 229 mm

Velocity DTHUMS(%
risk)

DH3(%
risk)

FTHUMS FH3 εribs(%
risk)

εliver(%
risk)

εspleen(%
risk)

εaorta(%
risk)

5.24
rad/s

52.2 mm
(50.6%)

7.66 mm
(3.39%)

0.38
kN

0.78
kN

0.00024
(0%)

0.136
(1.73%)

0.058
(0.11%)

0.065
(0.56%)

10.5
rad/s

63.3 mm
(64.1%)

22.1 mm
(6.52%)

0.72
kN

2.10
kN

0.00026
(0%)

0.167
(4.98%)

0.066
(0.24%)

0.084
(1.53%)

15.7
rad/s

67.6 mm
(69.0%)

25.7 mm
(7.64%)

1.03
kN

2.76
kN

0.00023
(0%)

0.195
(10.7%)

0.088
(1.14%)

0.098
(2.88%)

17.5
rad/s

68.3 mm
(69.6%)

25.8 mm
(7.68%)

1.17
kN

3.08
kN

0.00026
(0%)

0.205
(13.8%)

0.099
(2.18%)

0.105
(3.72%)

20.9
rad/s

69.0 mm
(70.4%)

25.5 mm
(7.58%)

1.38
kN

3.21
kN

0.00033
(0%)

0.221
(19.0%)

0.120
(5.96%)

0.121
(6.47%)

22.7
rad/s

70.0 mm
(71.4%)

25.7 mm
(7.64%)

1.52
kN

3.31
kN

0.00037
(0%)

0.225
(20.9%)

0.123
(6.79%)

0.121
(6.42%)
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4 Discussion

The section will mainly cover three topics, the development and usage of the injury risk

functions, the new material properties of the liver and the spleen and its validation, and

finally the simulation results will be analyzedwith respect to the injury risk functions and the

newmaterial curves. A short section will be reserved for evaluation of the contact modelling

of the liver and the spleen.

4.1 Simulation results

Overall, there is a trend of increasing chest deflection with increasing velocity in THUMS

with the exception of the highest velocities for ribs 3-4 and6-7. The same trend, i.e. increased

deflection with increased velocity, was even more apparent for the H3 model. Increased

deflection with increasing velocity was expected and its effect can be seen in the contact

force and the local parameters. The limitation of not having head contact included in the

simulation might have been the cause to why ribs 3-4 and 6-7 in THUMS did not always

show increased deflection with increased velocity. The dependence on manually deciding

when head contact would occur in the animation is a limitation in this thesis and it is advised

to not be used in the future. Furthermore, the steering wheel rim was allowed to rotate,

which might have decreased deflection even more in H3 compared to THUMS as the skin in

THUMS is softer than that of the H3 dummy. In THUMS, the rim was seen to drag down the

skin after the head contact as the rim was sliding down the chest. However, if head contact

was implemented and hits the other end of the rim (which was the case in almost every rib

level impact) then the rim would not be able to rotate towards the chest and slide down

the thorax as much since the head and the thorax hits the opposite side of the rim. In H3,

the contact force decreased with decreased deflection which might be explained by the rim

sliding down the chest without any skin dragging. The sliding between the steering wheel

rim to thorax was not improved after adjustments of the friction coefficients in the contact

card. This might explain the lower deflections for higher velocities in H3 whilst questioning

the skin in THUMS but head impact should be modelled before drawing a conclusion.

Nevertheless, the differences are fairly small but one can expect increased deflection with

increasing velocity. Remember that the deflections in H3 for all cases are based on sternum-

to-spine whilst THUMS can only register these impacts at the sternum i.e. ribs 7-8 and 9-10

were measured skin-to-spine.
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Thedecision to isolate the thoracic impactswas to prevent the action of the head and the arms

as a means to obtain as pure and severe thoracic injury risk from steering wheel impacts in

a HGV environment. The main interest in this thesis was to evaluate injury risk with respect

to rib level impacts. Thus it might be of interest to allow full body contact with the steering

wheel to investigate the corresponding effect on the measured thoracic parameters in this

thesis.

In the subsections below, the parameters will be shortly evaluated.

4.1.1 Chest deflection - comparison between THUMS and H3

In general, as mentioned before, it can be considered that increased velocity is accompanied

by increased thorax deflection. This was also seen for H3. As mentioned above, the steering

wheel rim would slide down the thorax and drag the skin. The pure rotation applied caused

the skin pulling in THUMS. In reality, there is a translational velocity component that is less

dominant than the rotation. Simulations with a stiff and fixed rim with additional full body

translation of the HBM/ATDmight cause less skin pulling and might even give more severe

thoracic injury parameter results compared to this study.

It is apparent that the instrumentation in H3 is not capable of detecting deflections for the

highest and the lower rib level impacts, which are ribs 1-2, 7-8, and 9-10. This might be

the case as the rib cage in H3 only covers parts of the rib cage in THUMS (see Figure 1.2,

approximately ribs 3-7 as apparent in the deflection results from the rib level impacts).

The risks are however reasonable as Euro NCAP has a limit in frontal impact at 22 mm

compression that corresponds to a 5% risk of AIS ≥ 3 [31]. On the other hand, it seems

to underpredict the risk compared to THUMS or it can be said that THUMS overpredicts

the risk. However, the deflections mean that THUMS can complement the current H3 with

original instrumentation for more realistic deflection at rib levels not covered by H3. Thus,

the rib cage inH3 is anthropometrically insufficient as it does not represent the upper part of

the sternum (where ribs 1-2 are located) and the ribs below the sternum (ribs 7-8 and 9-10),

and is therefore not suited for measuring deflections for rib level impacts at those locations.

The consistent decrease in contact force and increase in deflection for the lower rib levels

shows that THUMS is muchmore sensitive below the sternum as there is essentially no hard

tissue protecting the organs in the center. H3 does not appear more compliant further down

the torso compared to THUMS. This supports the importance of complementingwith aHBM

to be able to understand lower rib level impacts, especially since such impacts below the

sternum were associated with higher deflection and lower contact force whilst the current

instrumentation cannot capture that. Furthermore, since H3 was intended for passenger

car use where impacts are more of a hub type rather than a rim impact due to the steering

wheel position, the crash dummy used for HGV safety assessment needs further evaluation.
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Conclusively, H3 needs further instrumentation to register correct deflections beyond the

mid-sternum to spine since other rib level impacts with the steering wheel rim, such as those

evaluated in this thesis, may occur due to the positioning of the steering wheel relative to the

occupant as seen in Figure 1.1.

4.1.2 Rib strains and chest deflection

It is known that chest deflection is used to predict thoracic injury risks as rib fractures are the

most common thoracic injury. Although it appears that none of the cases indicates injury,

the deflection measured in THUMS for all cases shows that the applied rotational velocities

induce some non-negligible risk. However, the rib strains are very low. Kemper et al. [16],

[17] reported average failure strains that were 10 times higher compared to the maximum

of those measured in this study. The injury risk curve predicts 0% risk of any fracture.

A previous study from 2017 [32] using the improved THUMS version 4 (THUMS v4.02),

but investigating chest compression in ”Cardio Pulmonary Resuscitation (CPR)”, showed rib

strains ranging from0.0014 to 0.0041with chest deflections between 39.6mmand49.5mm.

Since CPR compressions are localized sternum loadings similar to rim impacts, it supports

the measured results in this study. Although the velocities used in this thesis are of realistic

nature and what occupants are most likely exposed to, there is no clear correlation between

chest deflection and rib strain. Thus, accident reconstructions and/or experiment validation

where rib fractures are known to have occurredmight increase the understanding of how rib

response and chest deflection correlates.

Although using experimental failure data to develop injury risk functions allows more

general usage i.e. independent on the HBM, the model needs to be validated at a material

level to ensure correct local response. Thus, validation using component level tests on the

modelled ribs are needed to ensure that material level criteria can be used. The setup by

Kemper et al. [16] and [17] are useful for this purpose and coincides with the rib injury risk

functions developed in this thesis. This could validate the rib cage biofidelity in THUMS to

increase the confidence of using the HBM to evaluate rib fracture risk.

However, the localized rim impact is considered as a very localized impact since the geometry

(curved shape) of the steering wheel rim at the initial contact implies a concentrated

deformation at the sternum and rib cartilage. As the impact propagates, the pure rotation

of the rib cage together with the rim curvature and anatomical rib curvature will not deform

the ribs as much. A pure translational impact might probably bend the ribs more due to its

natural curvature. Figure 4.1 demonstrates the rim impact andhow it affects the rib cartilage,

and also how the deformation propagates. As seen from Figure 4.1, the local deformation is

predominantly at the impacted rib level (i.e. ribs 3 and 4) and decreases towards to cartilage-

to-rib transition. Thus, demonstrating that the rib strains are reasonably low for these load

cases.
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(a) Steering wheel placed at ribs 3-4, displaying a denuded rib cage

(b) Rim to rib level impact at 5 ms (c) Rim to rib level impact at 19 ms, at proposed head
impact

Figure 4.1: Displaying the rib cartilage and sternum (elements in the fringe plot) and the ribs
and steering wheel (hidden element mode), during a ribs 3-4 impact.

Thus, this parametric study concludes that the rib strains are not unreasonable but rather

it shows that a very localized impact such as with the steering wheel rim will not cause

a high risk of rib fracture but will deform the sternum and the rib cartilage to a higher

degree than the ribs. It can be hypothesized that the decrease in rib strain for the rib levels

inferior to the sternum, as seen in Table 3.4 and 3.5, is due to the increased cartilage, the

lower ribs anatomical positioning, and the less localized impact to the rib cage. Thus, it can

also conclusively be determined that the global injury risk criteria used for both models are

insufficient since most cadaver tests are conducted with distributed impacts such as airbag

loading and/or localized impact such as seat belt loading. This will be further analyzed in

section 4.2.1.
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4.1.3 Liver and spleen strains

The merged liver elements, together with the original pure sliding contact of the organs,

resulted in unrealistic strain concentrations. Furthermore, the liver and the spleen had

identical material curves although Kemper et al. [19], [20] have shown that the material

properties differed between them as the spleen had similar failure strains but approximately

double the failure stress compared to the liver see Appendix C.2.3 and C.2.4. Thus, justifying

the decision to use experimental values and change the material curve as well as modelling

rate-dependency for higher dynamic rates.

Overall, using the new tied contact and material properties, resulted in realistic liver and

spleen strains. From the results it can be seen in Table 3.2 and 3.3 that impacts to ribs 3-4

and ribs 6-7 gives the highest spleen and liver strains respectively. Impacts to ribs 7-8 was

also giving similar liver strains. These findings can be explained by the fact that the liver and

spleen are at the same rib levels but the liver is larger than the spleen and especially laterally,

see Figure 4.2. Furthermore, the liver is not protected by the rib cage and is exposed at the

mid-line inferior to the sternum, as the ribs are not connecting to a sternum. The spleen is

however, due to its smaller size and anatomical location, covered by the lower ribs inferior to

the sternum. However, the rib cage deflection will nevertheless deform the spleen at lower

rib levels but is more protected than the liver. As for the lowest rib level impact, namely ribs

9-10, the strains were not as high as for the superior rib level impacts. This is due to the

shape of the organs as they are mainly covered by ribs 9-10 but due to the shape of the lower

rib cage (ribs 9-12), the steeringwheel impact will not compress the ribs asmuch during pure

frontal impacts but will cause soft tissue deformation and compress the intestinal systems.

At this point, pure abdominal impacts i.e. minimal or no rib cage deflection, are of interest

but not covered in this thesis.
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Figure 4.2: THUMS liver and spleen in the rib cage.

A question that might arise is the strains occurring for impact at ribs 3-4. Anatomically,

the organs of interest are not placed within this region. However, the rotation of the rib cage

and the deflection will together nevertheless be enough to still induce deformation due to the

incompressibility of the organs which will causes them to deform in shear. Furthermore, the

strains might also be exaggerated due to the tied contact used. The contact ties the involved

liver and spleen nodes to neighbouring soft tissue. Therefore, the rotation of the rib cage

together with the deforming neighboring organs will still deform the liver and the spleen

despite not being in the same anatomic level as the rib level impact and exaggerated due to

the tied contact. As such, the further away the impact is from the neighboring organs near the

liver and the spleen, such as ribs 1-2 and 9-10, the smaller the strains. Figure 4.3 illustrates

an example (ribs 1-2 and ribs 3-4) of this, showing the liver and spleen strain and its rib level

dependency affected by the tied contact, where the liver is clearly deformed through shear

and tension for the impact level closer to the liver. The spleen is visually shown to have higher

strain between the impact cases.

30



(a) Ribs 1-2, highest velocity (b) Ribs 3-4, highest velocity

(c) Ribs 1-2, highest velocity (d) Ribs 3-4, highest velocity

Figure 4.3: Comparison of the liver and spleen deformation with rib level dependency using tied
contact. The illustrated time of impact was at initial detected head contact.
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4.1.4 Aorta strains

The aorta strains were overall within reasonable range, where it seems to deform the most

just below the sternum. Thus, it is somewhat protected by the sternum for the higher rib

levels but more susceptible to injury inferior to the sternum as seen for ribs 6-7 and 7-8.

Although the liver, the spleen, and the stomach are covering the aorta, the large deformation

of these together with the absence of the sternummight have caused the larger aorta strains.

Meanwhile, ribs 9-10 can be considered as being too low of an impact to affect the aorta as

it is hidden and protected by the intestinal system. Figure 4.4 illustrates the aorta inside the

rib cage.

Figure 4.4: Illustration of the aorta relative to the rib cage, and with the liver and the spleen
included

32



4.2 Injury risk functions

This section will be divided into global and local injury criteria to discuss its usage in this

thesis and some limitations that has been made.

4.2.1 Global injury criteria - THUMS & H3

THUMS: The injury risk function used to evaluate THUMS seems to exaggerate the (AIS≥
3) injury risk for the highest rib level i.e. ribs 1-2 and the lowest rib level i.e. ribs 9-10. Since

rib fractures are the most common thoracic injury and mostly related to chest deflection,

this argument might be supported by the measured local injury parameters as they are not

related to higher risk than e.g. ribs 3-4 where the rib strains are slightly higher but the AIS≥
3 risk is lower. The risk of an AIS≥ 3 thoracic injury, i.e. rib fracture, does not correlate with

the determined rib fracture risk since the rib strains are too low to give any relevant outcome

from the rib injury risk function. The rib fracture risk is of course much lower for ribs 9-10

compared to ribs 1-2 as the inferior ribs are not as near to the impact location compared to

superior levels where the sternum connects the ribs.

It can be argued that the ribs 1-2 and ribs 9-10 impact levels are not covered by the global

injury criteria used and it was stated in the method section 2.1.1 that the logistic regression

model would either way be used and evaluated. The results show that although the deflection

for e.g. ribs 1-2 are similar in magnitude compared to ribs 3-4, the risk is higher (80% vs.

67%). This is due to Dmax being a normalized deflection and the initial depth at ribs 1-2 is

much smaller than the other rib levels, and therefore the logistic regression model predicts

a much higher risk. Meanwhile for ribs 9-10, the risk seems reasonable if one compares

the absolute deflection compared to ribs 3-4, 6-7, and 7-8. On one hand, it seems that the

global injury criteria developed by NHTSA [13] might predict AIS ≥ 3 thoracic injury risk

using deflection that correlates with rib strain when impacts are hitting the sternum and

its corresponding rib levels covered by the chest bands i.e. ribs 4-8. On the other hand,

the measured deflections does not correlate with corresponding rib strains or predicted risk

below the sternumsince the risk does not increasewith higher rib strain. This is seenbetween

ribs 7-8 and 9-10 in Table 3.4 and 3.5.

Furthermore, a limitationwith using theDmax injury criteria can be that the deflections using

chest band locations are on the skin whilst for rib levels at the sternum the deflections were

measured on hard tissue. The soft tissue deformation has therefore been neglected and could

cause a higher Dmax due to soft tissue deforming more easily than hard tissue such as the rib

cage. However, the rib cage deflection was chosen in THUMS to compare the corresponding

deflection measured by H3.

Global injury parameters are not functionally correlated to injury compared to local

parameters i.e. at tissue level such as material stress and strain. Furthermore, with this very
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localized load case compared to e.g. another localized load case such as seat belts it seems

more likely that the rib cartilage gets deformed the most since it is subjected to a higher

load during the frontal impact simulated compared to the curved ribs. Furthermore, the rib

cartilage in THUMS is approximately 500 times less stiff than the cortical ribs (E = 29 MPa

vs. 13020 MPa). Since rim impacts are different than seat belt and hub loading, current

global injury criteria where most cadaver tests are not based on rim impacts (with same

geometry, i.e. bar impacts do not count) need further evaluation to give realistic prediction

of AIS thoracic injury risk. Thus, adjusted global injury criteria for HGV safety assessment is

needed due to the differences in loading compared to passenger cars which has long been the

main focus in passive safety. Although HGV occupants are fewer compared to passenger car

occupants, HGV drivers should not be neglected as the safety assessment must be included

within a working environment regardless. Evaluation of higher and lower rib impacts aside

from mid-sternum are also interesting to develop a more generalized global injury criteria,

apart from including the realistic rim impact loading in HGVs. Conclusively, this parameter

study shows the importance of utilizing local injury criteria at material level as these are less

dependent on the exterior loading type from restraints or a steering wheel. The risk will then

bemeasured at a local level independent on how the thorax was loaded. Thus, the injury risk

to an internal body part is characterized from material failure parameters rather than using

an AIS risk. The independence of applied loading, which otherwise results in different global

response and require specific injury risk functions for analysis, gives local injury criteria an

advantage over global injury criteria. Especially since specific global injury criteria for HGV

occupants susceptible to localized rim impacts does not seem to exist, and local injury criteria

becomes important for injury risk prediction.

Hybrid III: The problem with H3 for assessing thoracic injury, which predominantly is

rib fracture, is that the instrumentation measures deflection at mid-sternum to spine [33].

This is necessarily not always the true impact location with the maximum deflection. Not

only because impacts can occur at different levels, but also since different restraint systems

deflects the thorax differently. Thus, the maximum deflection Cmax might not occur within

the detection range of its instrumentation. Hence, a HBM such as THUMS can supplement

crash dummy data with biomechanical information that H3 is not able to register (e.g. for

high and low rib levels as studied in this thesis) or provide in general (e.g. local injury

parameters such as rib and organ strains).

The risk functions developed by NHTSA [13] are based on different restraint systems, and

adjusted global injury criteria forHGVoccupant setups are needed. The restraint systems are

less localized compared to a pure rim impact as they cover the rib cage over areas such that

rib fractures are more likely to occur such as a seat belt placed across the thorax. Thus, the

AIS risk predicted by the risk functions developed using the load cases described by NHTSA

[13] are predominantly predicting rib fractures. Hence, more rim impact studies are needed

in HGV occupant settings since they are are still quite unknown.
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4.2.2 Rib injury criteria

The failure values from Kemper et al. [16], [17] have the advantage that anatomic region

and rib level does not affect the material properties. However, the rib injury risk function

developed in this thesis is age-independent and uses a small data set of failure values.

Improvements are thus needed with regards to age-dependency as failure strains decreases

with age, and more data is needed to obtain a good empirical cdf to ensure that the sample

data represents the population enough to obtain a representative injury risk function. The

larger the data set, the better it approximates the true cdf (which is the final injury risk

curve/function). Unknowingly to the author until after the results were obtained, an rib

injury risk curve based on same experimental data but with age-dependency exist [34].

However similarly, more data is needed but the risk function developed by Forman et al.

[34] is nevertheless useful. Furthermore, bending has been showed to be a main rib fracture

mode during airbag and seat belt loading [35]. This means that tensile data might not be

enough to accurately predict fracture risk. Since three-point bending was seen as not ideal,

this thesis only focused on tensile data. However, asKemper et al. [16] noted that three-point

bending mainly affects the material properties through its elastic assumptions, strain data

might still be useful. Thus, bending tests are of interest for further investigation to improve

the rib injury criteria.

A rib fracture study by Kemper et al. [36] conducted a frontal shoulder belt loaded cadaver

(one male, one female) experiment corresponding to a severe automobile accident, to

understand rib fracture timing with respect to thoracic deflection. The thoracic deflection

rate was compared to a frontal sled test to validate the impact scenario. 27% (maximum)

chest compression (64 mm deflection, 230 mm chest depth measured at center of sternum

which is approximately ribs 3-4) resulted in 13 fractures on 12 ribs, corresponding to an

AIS3. More specifically, the AIS3 injury occurred already at 16% compression for the male

cadaver and all rib fractures had occurred within the first 32% of maximum deflection. This

is considerably lower than current ATD injury criteria [36]. This trend was supported by

Duma et al. [37]. As the belt loading is a localized impact covering the rib cage, it could

be interesting to analyze rim impacts with additional belt loading to evaluate if there is a

trade-off between rib fracture risk and rib cartilage injury with andwithout belt usage during

steering wheel rim impacts.

4.2.3 Liver and spleen injury criteria

Kemper et al. [5] strongly suggest that rate-dependence is important to accurately model

the liver and the spleen. The injury criteria for the liver and spleen in this thesis have been

created as rate-independent due to the limited data available. However, it was seen that

the cdf for the highest rate gave very high p-value but at the expense of the empirical cdf.

As exponential functions provide simplicity in this context, for example the log-logistic cdf
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used in this thesis and theWeibull cdf, it is desirable overmore complicated functions such as

normal or stable distributions. For the highest strain rate (rate 4 = 10/s), the log-logistic cdf

had pliver = 0.9980 and pspleen = 0.9678 (combined rates pliver = 0.9540 and pspleen = 0.8625).

The Weibull cdf had p-values of pliver = 0.9995 and pspleen = 0.9555 (combined rates pliver =

0.6404 and pspleen = 0.2324). Since the data points for each rate were quite scattered and

the final averaged failure values did not differ by too much between the rates, the number

of data points were prioritized to obtain a reasonable empirical cdf. Furthermore, it can

be seen that compared to the failure threshold for each rate, the risk determined from the

injury risk function for the liver and the spleen strainsmight be under-predicted if compared

to the average failure threshold by Kemper et al. [5]. This is due to the rate-independent

risk function and the values in the data set. Thus the next step should be to emphasize the

importance of finding more relevant dynamic tensile data for the liver and the spleen beside

the ones provided by Kemper et al. [19], [20].

4.2.4 Aorta injury criteria

The biaxial data used for the injury risk functionwas chosen over the longitudinal tensile data

for the same reason as explained for the liver and the spleen. The rate-dependency was not

included but on the contrary to the liver and the spleen, the strain rates were all dynamic.

However, the risk might be underpredicted compared to the failure thresholds. The aorta

has been shown to be rate-dependent [22]. Thus, more strain data to more accurately

predict aorta rupture risk is needed with respect to rate-dependency. The aorta modelling

in THUMS needs to incorporate rate-dependency and the different aorta parts might need

more unique properties as the failure location is very specific from previous studies [21],

[22], [38]. Although biaxial data showed consistent rupture in longitudinal direction [21],

component level tests of intact aorta as in Shah et al. [21] and Gaur et al. [22] is of interest as

real-world traumatic rupture of the aorta (TRA) is characterized by failure in the longitudinal

direction [21], [22], [39]. Thus, component level test data loaded longitudinally in uniaxial

tension might be useful as an injury risk function.

As mentioned, the aorta in THUMS was divided into upper and lower thoracic parts that

had identical material properties and no rate effects was modelled. In THUMS v4.0,

the solid aorta parts are modelled as *MAT_001_ELASTIC_FLUID which is an isotropic

hypoelasticmodel for fluids andmay be unstable for large deformations [40]. Since the aorta

is hyperelastic, non-linear, and rate-dependent, the material model needs to be changed

to a hyperelastic model due to the high strain rates in the tissue occurring in automotive

accidents. Similar to the liver and the spleen, an Ogden material model with viscoelasticity

can model the strain rate-dependent hyperelasticity.
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4.3 Material properties of the liver and the spleen

Figure 3.5 and 3.6 shows the Ogden fitted quasi-static curve. As mentioned in the section

??, the load cell sensitivity in the experiment was 1 N. By cutting of the data points below

1 N, the Ogden fitting became much better. However, a minor trace seems to be present in

the Ogden spleen validation in Figure 3.6 as a sharp edge at the origin. The correlation was

nevertheless good and the validation could not have been improved.

The validation for rate 4, i.e. the highest dynamic strain rate in Kemper et al. [19], [20], is

shown in Figure 3.7, 3.8. The viscoelastic parameters were used to fit the obtained Ogden

curve to the dynamic experimental curve, with β remained fixed at 10/s and 100/s. The shear

relaxation modulus Gi was modified to obtain similar magnitude of the material curve as in

the experimental one. However, since the viscoelasticity increases the linear property of the

material curve, the parameter α was adjusted to increase the non-linearity to obtain a good

validation to the rate 4 experimental curve. The simulation results show good correlation

with the experimental curve, with some increased non-linearity near the failure strains

for both organs which is due to the material model parameters and especially α as it was

needed to counteract the linearity from the viscoelastic parameters. Onemust know that the

iteration of Gi is not unique, and infinite combinations of G1,2 exist. In this case, G2 ≥ G1

if β1 = 10/s and β2 = 100/s was used. Therefore it can be concluded that the material

curves are suited for strain rates between 10-100/s but most likely 10/s as it is unknown

how the material curves is during 100/s. Nonetheless, experimental viscoelastic parameters

are needed and stress-strain relationships at dynamic rates for the liver and spleen during

vehicle crashes are important to investigate and implement in the FE models.

It should be mentioned that the intention with *MAT_181_SIMPLIFIED_RUBBER/FOAM

is to allow the user to usemultiple input curves (using *DEFINE_TABLE) with specified rate

to include rate-dependency. The solver will interpolate between the curves if the strain rate

measured in the simulation is between those defined. It also has an option of viscoelastic

parameters as input to account for the rate-dependency, if *DEFINE_TABLE is not used

[40]. If viscoelastic parameters are used, then one material curve (*DEFINE_CURVE)

should be enough. In the original liver and spleen models, there was only one curve and

no viscoelastic parameters and hence no rate-dependency. Since Kemper et al. [19], [20]

have reported the stress-strain curves for the tested rates, these are an option to use in

*MAT_181. This was done initially in this thesis. However, since no tabulated data for the

curves were provided from the experiments and as such the data points had to be extracted

using Webplotdigitizer [27]. If the data points for the different rates were provided, then

the experimental validation could also have been successful granted that the curves do not

intersect as this is a prerequisite for successfully using *DEFINE_TABLE.However, *MAT_-

181 provides rate-dependent hyperelasticity which is not as functional as viscoelasticity but

nevertheless provides convenient modelling when viscoelastic parameters are not found.
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One important property of both the liver and the spleen is that themain tissue is divided into

parenchyma and capsule. The THUMS liver and spleen does not seem to include a capsule,

but this need further investigation. The material model used for the modified organs was

parenchyma data, but Kemper et al. [5], [19], [20] has shown that the capsule is much

stiffer than the parenchyma for both organs due to its collagen content. Thus, modelling

the capsule with parenchyma is recommended for more realistic and valid deformation and

to better understand organ rupture.

4.4 Contact modelling of the liver and the spleen

The internal organs were originally modelled using a sliding contact between the shell

elements of the organs, more precisely an automatic single surface contact. The advantage

with using single surface contact is that it searches for contact between the slave and

master parts included. Thus it is useful when contact behavior between parts are unknown

during certain events. The problem in this case was that the behavior of the organs during

interaction was unrealistic, as the organs could splash around too much which created

cavities that were unrealistic due to the absence of free air internally [41]. The idea of using

a tied contact was to limit the splashing andmake the organs react more compact as a unit to

minimize unrealistic separation between the organs. Also, the superior parts of the THUMS

liver is merged with the diaphragm meaning that as the sliding contact was used there were

high strain concentrations as the other free elements were able to deform freely but some

elements were restricted at the merged area. Since the liver clearly deformed in tension

and shear (see Figure 4.3a and 4.3b, high strain concentrations were seen at the merged

area. Using the tied contact together with the material curves decreased the strains from

a maximum of 3-5 down to around 0.8 (without taking the 95th percentile strain) when

simulating the ribs 3-4 impact at the highest velocity.

However, the tied contact might have been restricting the organs to much and some sliding

should be allowed for more realistic contact between somewhat slippery organs such as

the liver. Beillas and Berthet [41] successfully used one-way surface-to-surface tiebreak

with sliding based on simplified test cases in the HBM called Global Human Body Models

Consortium (GHBMC). The purpose was to prevent separation occurring in sliding contacts

and improvements of organ coupling and kinematics was seen, givingmore realistic internal

response. Thus, an automatic surface-to-surface tiebreak contact is suggested, using the

option 4 which will allow tangential sliding. This can prevent unrealistic separation as the

parts are initially tied and later keep realistic distance without restricting all the nodes by

allowing tangential sliding.
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5 Future work

Some future improvements have been suggested in the discussion section. Below is a

summary of those considered as most interesting and important.

- Include more realistic contact such as full body contact to register maximum chest

deflection without the need tomanually check head contact. The realistic kinematics include

translation and rotation, which might be interesting to evaluate. Some boundary conditions

might need to be applied if a simplified simulation setup is used such as the one in this

thesis. Incorporating the seat, seat belt, etc. might be very computational costly but should

be considered to evaluate rib injury risk as mentioned in section 4.2.2.

- Additional instrumentation is needed for H3 to be able to register chest deflections at rib

levels other than it was intended for. To measure AIS risk, global injury criteria needs more

focus in the context of HGV occupant setup. Some insights have been realized from this

study given by the pure rim impacts and corresponding rib cage response.

- More data is needed to develop accurate local injury risk functions. The most

important parameters are age-dependency and rate-dependency for the ribs and the organs

respectively. Cadaver studieswith rim impacts at different rib levels would be ideal to further

improve and adjust global injury risk criteria that will be useful for assessment in passive

HGVoccupant safety. Fortunately, local injury criteria can prove to be advantageous if global

risk criteria for a specific load case cannot be found (as in this thesis) since it is independent

on exterior load type and is functionally related to injury.

- Component level validation for the ribs, liver, spleen, and aorta in the THUMS model is

needed, to ensure that the geometry with material properties is able to give a reasonable

response since the injury risks are based on material level parameters. Thus, the strain

response from these tissues needs to be validated. Note however that the injury risk functions

and material models in this thesis are based on PMHS tests and independent of FE-models.

Thus, these risk functions and material properties can be used in other HBMs.

- The material modelling of the ribs and internal organs should be evaluated. This study

has improved the liver and the spleen but the viscoelasticity need more reliable data from

experimental testing. The ribs and aorta should be evaluated, where the latter should

be modelled as a hyperelastic and rate-dependent material model. Mendoza-Vazquez [2]

refined the rib cage of THUMS v3.0 with data from Kemper et al. [17], where he has

also presented a comparison of HBM rib cages with the used THUMS (v4) (the reader can

navigate to the reference, a comparisonmatrix is in Table 3 page 25). It can be interesting to

use the information provided by Mendoza-Vazquez [2], which also includes trabecular bone

that has not been considered in this thesis since rib fractures are due to cortical bone failure.
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- The organ contact can be improved since pure sliding or tied contacts are not enough,

especially as the parts of the liver ismerged to the diaphragm. Allowingmore realistic sliding

with some tied components such as the suggested tiebreak contact can improve the organ

response during impact.

- It would also be interesting to do the same study with GHBMC to evaluate its biofidelity

and response to steering wheel rim impacts as it is a valid candidate for HBM usage.

40



6 Conclusion

The response between THUMS andH3 has been evaluatedwith respect to steeringwheel rim

impacts to different rib levels that could cause injuries to the ribs, liver, spleen, and aorta.

This study supports previous findings thatH3needs additional instrumentation. Specifically

shown in this thesis, it is needed to accurately register chest deflections at rib levels 1-2, 7-8,

and 9-10. Using THUMS, it shows that organ injury are more likely below the sternum.

Overall in this study, chest deflection does not necessarily correlate with an AIS3 thoracic

injury risk. Furthermore, inferior to the sternum the global thoracic injury risk is not easily

measured using global injury criteria. The measured rib strains are too low for relevant

evaluation using rib injury criteria and are not correlated to the global thoracic injury risk.

Thiswas deemed reasonable as the rim impacts induce a very localized impact to the sternum

and rib cartilage due to its geometry and impact mode, causing less deformation of the

cortical ribs and therefore minimizing the risk of rib fractures. Thus, the global injury risk

criteria need further evaluation with respect to rib levels that are not registered by H3, and

extra attention specifically for HGV occupant safety evaluation is needed since the type of

loading evaluated in this thesis seems quite unexplored.

The local injury risk criteria presented in this thesis provide a framework for future safety

assessment using material level parameters such as failure strains. These can assist and

complement global injury parameters that are usuallymeasured in physical tests usingATDs,

especially within HGV occupant safety as rim impacts are different than airbag, hub, or seat

belt loading. More experimental data are thus needed for more accurate risk functions,

implementing age- and rate-dependency for the ribs and the organs, respectively.

The importance of biofidelic material modelling has been emphasized in this thesis. The

material models of the liver and the spleen have been improved using experimental data that

shows the importance ofmodelling hyperelasticity and rate-dependency, as rate-dependency

was originally absent in the THUMS model. The Ogden model with iterated viscoelasticity

provide hyperelasticity and rate-dependency but is limited to mainly model the maximum

dynamic strain rate reported from the experiment used (10/s). Experimental viscoelastic

parameters are needed to accuratelymodel the rate-dependency. The ribs and aortamaterial

models should be evaluated, and the aorta should be remodelled using a hyperelastic and

rate-dependent material model. Nevertheless, the injury risk functions and material model

parameters can all be used in other HBMs as they are based on PMHS responses and

independent on FE-models.

The contact between the neighboring organs to the liver and the spleen has been improved to

minimize unrealistic separation of the organs. The tied contact used, together with the new

liver and spleen material models, gave realistic strain responses. However, the tied contact

might be restricting the organ kinematics too much and a tiebreak contact with tangential

sliding has been suggested with supported findings from a previous study.
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A Anatomy and common thoracic injuries

The human thorax is defined as the region of the body between the neck and the abdomen

[42]. It consists of the rib cage and its underlying soft tissue organs such as the lungs and

the heart, with the thorax and the abdomen contents being separated by the diaphragm [43].

The rib cage consists of 12 thoracic vertebrae and 12 pair of ribs [43]. The anterior part of

rib cage consists of the 12 ribs where the ribs 1-7 are attached through rib cartilage to the

sternum, ribs 8-10 are indirectly attached to the sternum via cartilage and ribs 7, and ribs

11-12 have no anterior attachement to skeletal structures and are thus called floating ribs

[2], [44]. Posteriorly, each of the ribs are connected to its corresponding thoracic vertebra

(T1-T12) [44].

Impacts to the thorax can result in injury to its internal structures. The standard method for

classifying injury level is the Abbreviated Injury Scale (AIS) [44]. The rating system ranges

from 0 to 6 where 0 indicates no injury and 6 indicates maximum/virtually unsurvivable,

i.e. the higher the AIS level, the higher the mortality [44]. The grade is usually denoted as,

e.g. AIS3, AIS3+ or AIS ≥ 3.

The most common thoracic occupant injury in all frontal crashes is rib fractures, followed

by injuries to the liver, spleen, lungs, and arteries [16, 45, 46]. Although the liver and the

spleen are anatomically abdominal organs, the location of the liver in the frontal anatomical

plane is behind the right lower ribs whilst the spleen is protected by the left posterior rib

area. This is illustrated in Figure A.1. The kidneys are not as susceptible to injuries during

steeringwheel impacts compared to the liver and the spleen [47, 48]. The lungs and the heart

are excluded in this thesis as a delimitation. Instead, the aorta is prioritized as the organ of

interest behind the upper rib cage.
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Figure A.1: Anatomical position of the liver and the spleen in the rib cage, adapted from Nusholtz
et al. [6].

The upcoming subsections will briefly describe themost common injury to these organs/ribs

that justify why these are important to analyze during frontal steering wheel impacts to the

thorax. The main focus in this thesis is to understand the important failure properties of

these internal thoracic organs. This will be addressed inmore detail in section C about injury

risk criteria, describing different studies that have investigated important properties on a

global and a material level.

A.1 Rib fracture

Since blunt frontal impacts to the thorax, e.g. steering wheel impacts, are known to cause

rib fractures and flail chest it is reasonable to think that the ribs fail due to tensile loading as

bending of the ribs occur [43, 44]. Rib fractures are themost frequent AIS3+ thoracic injury,

where maximum chest deflection is the main factor causing rib fractures [44]. Flail chest is

due to loss of structural integrity in the rib cage as the chest wall is unstable and the rib cage

does not rise on inspiration [44]. An AIS3 includes 3 or more rib fractures, while flail chest

can range from AIS3-5 [44].

Rib fractures can also cause lacerations of lung tissue and other organs such as the aorta, the

latter increasing mortality drastically due to severe blood circulation impairments.
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A.2 Traumatic aortic rupture

The aorta can be divided into an ascending part and a descending part, with the latter being

divided into a thoracic and an abdominal part respectively (see Figure A.2) [49]. As themost

common thoracic injury is rib fractures due to chest deflection, it is important to understand

the aortic behavior in frontal impacts as it has also been shown that thoracic deformation

increases the stretch of the aorta which causes traumatic rupture of the aorta (TRA) [50].

Specifically, longitudinal stretch of the aorta was shown to be the primary cause of aortic

injury. TRA is not common in automotive crashes but is strongly represented among crash

fatalities, where rib fractures is common as TRA has occurred, thus making the aorta an

important organ to be considered [50].

Figure A.2: Anatomy of the aorta, illustrating the ascending and the descending part [49]
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A.3 Liver and spleen rupture

The liver is the largest internal organ in the body and is located in the right upper quadrant of

the abdomen, somewhat protected by the lower ribs [44]. As blunt impact can fracture ribs,

penetrating injury to the liver caused by broken ribs is not unlikely. The spleen is located

at and covered by the left lower rib cage, but is also susceptible to penetrating trauma by

broken ribs [44]. Hence, these can be considered as thoracic organs, as thoracic impacts

affects these internal organs too.

Internal organs consists of an external part giving structural integrity to the organ called

capsule and an internal part called parenchyma [51]. Damage to the liver and spleen is often

called ”laceration”. But, in the absence of true penetrating trauma or broken rib which cut

or puncture the organ, the damage is better described as ”fracture” which in biomechanics

is used to describe solid organ disruption [44]. ”Rupture” is instead used when describing

extreme organ disruption, which is also themost common injurymode used for the liver and

the spleen in blunt abdominal trauma [44].
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B Finite element models for injury evaluation - general
description

To understand the biomechanical response during car crashes, the most accurate would be

to use living human beings for evaluation. However, due to ethical concerns arising, post-

mortem human subjects (PMHS/cadavers) are an option. Furthermore, there is a scarcity

of PMHS. Thus, finite element (FE) models are an option as it does not require ethical

permission and uses computer simulation as a test method which allows flexible usage and

need.

In this master thesis, the Hybrid III (H3) crash test dummy FEmodel and the Total HUman

Model for Safety (THUMS)will be used to assess injury during frontal steeringwheel impacts

to the chest. The H3 dummy is a so-called Anthropometric Test Device (ATD) which is

a simplified mechanical model of the human body and does not contain internal organs.

Moreover, the thoracic parameters measured from H3 is limited to global criteria such as

acceleration and thoracic deflection.

Tounderstand internal injuries such as rib fractures or organ rupture, tissue level parameters

for local analysis are needed. Hence, human body models (e.g. THUMS) are an interesting

tool to evaluate realistic injuries that H3 cannot, as these can provide with both global and

local parameters which in turn can be compared to global and local/tissue injury criteria

from literature to understand impact responses.

The subsections below will shortly explain the basics of the H3 and THUMS model but with

thorax in mind. This aims to give the reader a perspective of the differences between the

ATD and the HBM.

B.1 Hybrid III - crash dummy and FE model

The H3 crash dummy is an ATD and the most widely used dummy in frontal crash impact

testing for automotive safety assessment [52, 53]. Some specifications of the H3 model,

representing the 50th percentile male, are presented in Table 1. Being a mechanical model

of the human body, its biofidelity needs to be as similar to that of a human as possible.

Therefore, to ensure biofidelity, measured parameters from crash tests are evaluated using

cadaver and volunteer studies to be able tomake realistic conclusions. For example, the chest

deflection injury criteria for H3 has been developed based on cadaver studies [54]. This will

be furthered explained in section C.1.
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Table B.1: Specifications of the Hybrid III 50th percentile male crash test dummy [52]

Hybrid III information
Height (cm) Sitting

height (cm)
Weight (kg) Thorax instrumentation

175.3 88.4 78.2 Thorax x, y, z
accelerometers
Thorax deflection
potentiometer

FE simulations provide great opportunities to evaluate different crash scenarios without

being restricted due to e.g. time and cost. The H3 crash dummy has been translated into

an FE model by incorporating correct geometry, connectivity between parts, and material

properties [53]. It is currently used in HGV safety assessment (both dummy and FEmodel),

and in this case, also by Scania [3]. Although global level parameters such as chest deflection

can be used to predict risk of thoracic injury as it has been correlated with PMHS responses,

the human internal organs are excluded. Thus, the need of understanding crash responses

in internal organs due to thoracic impacts arises. This makes HBMs especially useful.

B.2 Total HUman Model for Safety (THUMS)

THUMS is a human FEmodel aiming to simulate human body responses in car crashes, with

geometries of human body parts represented by FE meshes [28]. Thus, THUMS represents

humans in detail by including the outer shape, bones, muscles, internal organs, ligaments,

and tendons [55]. TheTHUMSmodel used in this thesis is the academic version4.0 occupant

model, 50th percentile male (175 cm, 77 kg), and does not contain any active muscles

i.e. represents a completely relaxed or dead body [28]. Furthermore, the model contains

approximately 760 000 nodes and 1.9 million elements, with a height and weight of 178.6

cm and 77.6 kg respectively (close to the 50th percentile male).

The purpose with this version is to be able to simulate injuries to internal organs at tissue

level, which increased the number of elements from the previous 130 000 to 1.9 million

(from version 3 to version 4) [28]. Furthermore, high-resolution CT scans of the interior

of the body from a 39-year old male (173 cm, 77.3 kg, BMI 25.8) were used as the average

50th percentile (AM50) male to get precise geometrical data for the meshing of the internal

organs. Each organ tissue is modeled as an individual FE part, except for the small intestine

that is represented as a single part without its meandering path (see Figure B.1).
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Figure B.1: Denuded torso of THUMS v4.0 to visualize the interior.

Solid elements were used to model flesh, muscles, internal organs, major bones, and thicker

ligaments [28]. Furthermore, shell elements were instead used for thinner tissue parts

e.g. membrane tissues. Soft tissues (skin, flesh, solid organs) were also assumed to be

hyperelastic to account for the incompressibility of e.g. solid organs such as the liver, while

hollow organs such as the lungs and intestines have compressive properties and are thus

modeled with low-density foam material. Meanwhile, skeletal parts were assumed to be

elastic-plastic.
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C Injury risk criteria

Injury risk criteria (also called injury risk curves/functions) are used as a prediction of injury

due to some impact case/scenario such as blunt impacts or seat-belt loading.

An injury risk curve describes the probability of injury as a function of the measured applied

loading or parameters derived from the applied loading such as displacement or strains. It

is often generated by subjecting post-mortem human subjects (PMHS) to relevant loading

scenarios [56]. This is furthered by correlating it to dummy responses asATDs are commonly

used as a safety assessment tool in the automotive industry.

C.1 Global injury criteria - Thorax

Injury criteria considering the whole thorax to predict thoracic injuries, such as rib fractures,

is called global injury criteria. It is mostly based on the thorax kinematics and kinetics

occurring during impact i.e. displacements, velocities, accelerations, and forces.

Pure PMHS experiments with thoracic impacts that are considered the foundation of these

kind of studieswasmostly doneduring the 70s. Kroell et al. found that anAIS3 corresponded

to 78.7 mm sternal deflection for a 50th percentile male subjected to blunt thoracic impact

[11, 57]. This number is based on the chest depth of a 50th percentile male as Kroell et al.

[11] utilizes normalized chest deflection.

A common injury criterion used worldwide in the automotive industry is chest deflection

with ATDs, where PMHS data has been used to develop criteria for ATD usage in safety

assessment. The advantage with using deflection compared to e.g. acceleration or force is

that it may allow more generality [58]. This may be more valuable as the force required

to compress the rib cage varies due to differences in body composition. Mertz et al.

[59] developed age-specific injury risk curves based on PMHS data to understand dummy

responses and accounting for variations of bone strengths with age for a small female, amid-

sized male, and a large male as a means to predict AIS≥ 3 distributed blunt frontal thoracic

impact. This was done by first developing the injury risk curve for the 25-year old and later

age-scale the mean values and standard deviations to get the mean values and standard

deviations for the remaining age categories. Further, the 35 year-old were left out as the

failure stress is very similar. The age-dependent risk curve as a function of compression at

the sternum can be seen in Figure C.1.
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Figure C.1: Age-dependent injury risk curve, AIS ≥ 3 as a function of sternal deflection. Figure
adapted from Mertz et al. [59].

As the H3 dummy is the standard model used in automotive safety assessment, there have

been many studies correlating PMHS response to dummy response for a 50th percentile

male. EuropeanNewCar Assessment Programme (Euro NCAP) is an European organization

that performs crash tests on new cars, utilizing compression and viscous criteria (VC) for

chest injury evaluation in its frontal crash tests [31]. These two complement each other,

mainly during soft tissue injury evaluation. The maximum normalized chest deflection Dmax

is most commonly used to assess injuries on hard tissue such as rib fractures, defined as the

ratio between chest deflection and initial chest depth [1]. Since soft tissue injuries is caused

by viscous loading, VC is used to assess the risk of soft tissue injury [60]. VC is defined as

the product of the deformation velocity V(t) and the instantaneous compression C(t). Lau &

Viano [60] found that VCmax=1.0 m/s in blunt thoracic impact corresponded to 25% risk of

thoracic injury AIS≥ 4. However, it was shown that the compression criterion is inadequate

when the velocity of deformation exceeds 3m/s and thusmakingVCmore accurate for higher

deformation rates [61]. These injury criteria were mainly developed using PMHS responses

to correlate to the ATDs and thus are based on the chest compression from the ATDs [62].
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There is also a restraint dependent criteria for the chest compression. For example, Mertz

et al. [54] reported that if the HIII model was subjected to a blunt thoracic impact, 50% risk

of AIS ≥ 3 thoracic injury was predicted with approximately 61 mm sternal deflection [54].

It was also shown that using a restraint such as a seat belt (shoulder belt) resulted in 50 mm

sternal deflection from the ATD predicts a 50% risk of AIS ≥ 3 thoracic injury. This means

that the injury risk is coupled with lower chest deflection for localized loading i.e. the risk of

thoracic injury is more sensitive to e.g. a steering wheel impact compared to a hub impact.

Amore recent study have developed injury risk curves to correlate injuries using humanbody

models instead of ATDs. Mendoza-Vazquez et al. [2] used injury risk curves based on real-

world data to predict injuries with a modified THUMS. New injury criteria (Dmax, DcTHOR

(Combineddeflection criterion for an updatedTHOR, THORbeing a different ATD thanH3),

shear stress, 1st principal strain) were computed with THUMS and compared to real-world

injury risk curves [63]. It was shown that the normalized chest deflection Dmax was closest

to the risks predicted by the real-world injury risk curve. The Dmax injury risk curve predicts

a 50% risk of AIS2+ for approximately 26% Dmax. However, the equivalent barrier speed

was used as real-world data which has the disadvantage that the boundary conditions such

as driver position is not defined [2].

U.S. National Highway Traffic Safety Administration (NHTSA) has developed multiple

different injury risk functions for prediction of AIS≥ 3 using logistic regression models and

parameters such as normalized maximum chest deflection (Dmax), chest deflection (Cmax),

and spinal acceleration [13]. Dmax was defined as maximum normalized chest deflection at

any one of the five locations covered by the 4th and8th rib for the human surrogatemeasured

using chestbands [13, 54]. The injury risk functions that can be used for THUMS and H3 are

defined in equation 1 and 2 in section 2.1.1.

The previously mentioned global injury criteria for the thorax is summed up in Table C.1

below.
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Table C.1: Thoracic injury thresholds obtained fromdifferent studies, based on the 50th percentile
male.

Thoracic injury criteria
Reference Injury threshold

(compression - 1,
VC - 2)

Injury level Test subject

Kroell et al.
(1974)

78.7 mm (1) AIS3 PMHS

Mertz et al.
(1997)

61 mm (1) 50% AIS ≥ 3 PMHS
(distributed
loading), used
for ATD

Mertz et al.
(1997)

50 mm (1) 50% AIS ≥ 3 PMHS (localized
loading), used
for ATD

Lau and Viano
(1986)

1 m/s (2) 25% AIS ≥ 4 PMHS, used for
ATD

Mendoza-
Vazquez et al.
(2014)

26% Dmax 50% AIS ≥ 2 HBM (real-
world data)
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C.2 Local injury criteria

Also called tissue injury criteria, is similar to global injury criteria, but focus on individual

organ level to predict injuries to the internal organs due to impacts occurring at the thorax.

Here, material parameters such as stresses and strains describe the material behavior as a

result of impact (also called material level criteria, as part of local criteria analysis).

In the following sections, average failure thresholdswill be presented as given in the different

studies. The purpose is to present relevant experiments with respect to the thesis question,

with the aim to be able to construct local injury risk curves. Thus, the presented studies has

been selected as they provide tables containing failure data for each test specimen which

can be used to construct the injury risk curves (these values will be presented in a separate

appendix as the risk curves has been developed as part of the thesis results).

C.2.1 Rib fracture strains and stresses

In order to understand how rib fractures occur, it is necessary to understand the material

properties of the ribs. Three-point bending is a very commonly used method of loading the

human rib to obtain thematerial properties [16, 64]. However, three-point bending is limited

as it requires linear elastic assumptions and correction factors for plasticity to determine the

stress and strain rather than obtaining it directly [16]. Further, three-point bending does not

represent likely loading conditions in real-world vehicle crashes [64].

Kemper et al. [16] found the ultimate/failure stresses and strains for ribs 1-12 through

dynamic tensile coupon testing, using 117 rib cortical bone coupons obtained from six

cadavers (3 male, 3 female) aged from 18-67 years old (18, 45, 46, 61, 64, and 67 years old).

This method allows direct measurement without theory assumptions. Thus, tension testing

provides more accurate material properties than three-point bending. In the same study,

strain gages were attached to the rib where the fractures occur. Therefore, the obtained

material properties can be considered to be failure stresses and strains. However, not all

samples broke within the gage length and hence was not included in the results [16].

Kemper et al. [16] found that the average failure strain was 2.7% and the average failure

stress was 124.2 MPa. However, since the ultimate stress and strain was an average, one

must note that the material properties of bone changes with age meaning that the material

properties between an 18 year old and a 67 year old will be quite different. The average male

failure strain and stress was The ultimate strain decreases with age [34]. This could be seen

in Figure 22 and 25 in Kemper et al. [16], as it illustrates the stress-strain curve for the 67

year old and the 18 year old respectively where the peak strain is approximately doubled in

favor for the younger subject. More detailed values of the failure stress and strain for each

rib for each cadaver can be seen in Appendix A in Kemper et al. [16].
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Kemper et al. [17] did another study on human (cortical) ribs 4-7 but using six all male

PMHS (age 42-81), this time with both tension tests and three-point bending. They found

that the human rib cortical bone tension coupons (i.e. subjected to tension tests) had failure

stresses and strains similar to the results in Kemper et al. [16]. Namely, the averages 2.5% vs.

2.7% in failure strain and 130.9 MPa vs. 124.2 MPa in failure stress, with the first value for

each material parameters from the 2007 study [16, 17]. It should be noted that both studies

used the same strain rate (0.5/s). A difference is also that the test subjects ranged from 42

to 81 years old [17]. This shows consistent results between the two studies and the failure

properties seems to agree with each other. Kemper et al. [16], [17] showed that the material

properties (ultimate stress, strain, and modulus) were similar (no significant differences)

with respect to different anatomic region and rib level. The average failure strain for all

males in Kemper et al. [16, 17] has been calculated and presented in Table C.2 at the end of

this section, as this can be useful for evaluation using the male FE models.

Charpail et al. [65] investigated fracture/failure criteria by performing isolated tests by

extracting ribs 4-9 from 5 PMHS test subjects and subjecting these to anterior-posterior

bending which is more likely to occur during frontal impacts. This was a new method to

exclude usage of three-point bending, with the purpose of finding local criteria such as

force and displacement that could be used for validation of the ribs in FE-models. For the

analysis, failure force, maximum displacement, and ultimate strains were collected. A mean

displacement of 41 mm, fracture load of 87 N, and rib failure strains between 0.0069 and

0.0329 were reported [64, 65].

Albert et al. [66] conducted whole rib bending tests and tension coupon tests. The former

giving peak values while the latter giving failure values for the stress and strain. It was

shown that the failure strain and stress in the tension coupon test was 2.3% and 103.0 MPa

respectively, which is similar to the studies by Kemper et al. [16, 17].

The different local rib injury criteria is listed in Table C.2 below.
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Table C.2: Ultimate rib stresses and strains obtained from different studies.

Ribs injury criteria
Reference Ultimate stress Ultimate strain Test method
Kemper et al.
[16]

124.2 MPa 2.7% Tensile coupon
testing

Kemper et al.
[17]

130.9 MPa 2.5% Tensile coupon
testing

All
males in Kemper
et al. [16, 17]

129.9 MPa 2.43% Tensile coupon
testing

Charpail et al.
[65]

Not measured 0.69% - 3.23% Anterior-
posterior
bending (as seen
in frontal
impact)

Albert et al. [66] 103.0 MPa 2.3% Tensile coupon
loading
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C.2.2 Aorta rupture strains and stresses

Mohan and Melvin [39] conducted uniaxial tension tests on descending mid-thoracic aorta

from human autopsies to determine the effect of strain rate and loading direction at failure.

Quasi-static (to neglect inertial influence) strain rates and dynamic tests were in the range

of 0.01/s - 0.07/s and 80/s - 100/s, respectively. They found that the ultimate strain was

around 150% - 160% of the original length in both quasi-static and dynamic uniaxial loading.

The ultimate stress was much higher in dynamic loading, especially in transverse direction.

For exact values, see Table C.3.

Table C.3: Ultimate stress and strain threshold for descending mid-thoracic aorta rupture in
Mohan & Melvin [39]

Aortic failure criteria ( Mohan and Melvin [39] )
Loading Orientation Ultimate stress

[N/m2 ∗ 104]
Ultimate strain

Quasi-static Transverse 172 1.53
Quasi-static Longitudinal 147 1.47
Dynamic Transverse 507 1.60
Dynamic Longitudinal 359 1.64

Mohan and Melvin [23] conducted a biaxial tensile test on descending mid-thoracic aortas

from human autopsies at quasi-static and dynamic strain rates (0.01/s - 20/s, respectively)

to obtain failure criteria of the aorta in biaxial tension. The purpose with biaxial loading was

to complement the uniaxial properties as the aortic tissue is viscoelastic and is non-linear for

finite deformations. The results are shown in Table C.4.

Table C.4: Ultimate stress and strain threshold for descending mid-thoracic aorta rupture in
Mohan & Melvin [23]

Aortic failure criteria ( Mohan and Melvin [23] )
Loading Ultimate stress

[N/m2 ∗ 104]
Ultimate strain

Quasi-static 114 1.44
Dynamic 196 1.28

Shah et al. [38] has derived failure thresholds through equibiaxial stretch on PMHS aorta.

The experimental process was constructed to obtain mechanical properties of the aorta that

are similar to experienced strain rates during automotive crashes. However, the original

study conducted by Shah et al. [38] could not be found/accessed but has been summarized

by Hardy et al. [67]. The average stresses and strains are defined in Table C.5.
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Table C.5: Average failure stresses and strains from Shah et al. [38, 67]

Aortic failure criteria ( Shah et al. [38] )
Long. (True
stress)

Circ. (True
stress)

Maximum
principal
strain

Long.
Lagrange
strain

Circ.
Lagrange
strain

1.73 MPa 1.84 MPa 0.321 0.252 0.254

Shah et al. [21] has also conducted a biaxial test to determine the planar aortic tissue

properties under strain rates that is likely to be experienced during automotive crashes. In

the same study, longitudinal stretch tests of the aorta was also conducted. Using 12 PMHS

thoracic aortas, 26 tissue-level tests was done using equibiaxial stretch at two speeds (1 m/s

and 5 m/s) [21]. As for the other experiment, there were 8 longitudinal stretch tests using

7 intact PMHS aortas. Shah et al. [21] found that each specimen failed in the transverse

direction. The average aorta failure thresholds are seen in Table C.6 and C.7.

Table C.6: Average failure stresses and strains using strain rates at 1 m/s and 5 m/s [21]

Aortic failure criteria ( Shah et al. [21] )
Strain rate True stress (MPa) Lagrange strain

(tearing location)
1 m/s
average

2.07± 1.11 0.250± 0.125

5 m/s
average

1.95± 0.89 0.260± 0.099

Average 2.01± 0.99 0.254± 0.112

Table C.7: Average failure stresses and strains using longitudinal tension/stretch failure test [21]

Aortic failure criteria ( Shah et al. [21] )
Strain rate (average) Engineering stress

(MPa)
Lagrange strain
(tearing location)

11.8± 4.6 0.75± 0.14 0.221± 0.069
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A recent study from 2018 by Gaur et al. [22] acknowledged the presented studies above.

It is believed that longitudinal tension is the main mechanism causing TRA and that

thoracic deformation must occur [22], [68]. Thus, uniaxial longitudinal tensile tests was

performed on human aortic tissue to understand failure properties in TRA. The purpose

was to show strain rate dependency and quasi-static and dynamic rates were used (0.001/s,

65/s, 130/s, and 190/s). The study showed that the aorta was non-linear and strain rate

dependent, the latter having higher failure stresses with lower effective failure strains at

increasing rates. The failure strains did not show rate-dependency for higher rates. Effective

failure strains were used as the toe region was ignored due to experimental variations

in preload/preconditioning, specimen dimensions, and initial slack lengths. Gaur et al.

[22] recommended using effective failure strains and corresponding elastic modulus in

developing constitutive models of the aorta.

Table C.8: Average failure stresses and strains for the longitudinal tension test [22].

Aortic failure criteria ( Gaur et al. [22])
Strain rate
(average)

Engineering stress
(MPa)

Engineering strain
(%)

Effective engineering
strain (%)

0.001/s 0.86 ± 0.18 28.0% ± 1.8% 13.52% ± 3.10%
65/s 1.23 ± 0.42 23.3% ± 5.8% 13.03% ± 3.68%
130/s 1.48 ± 0.63 23.0% ± 5.1% 11.16% ± 1.68%
190/s 1.86 ± 0.59 27.0% ± 6.63% 10.80% ± 3.59%
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C.2.3 Liver rupture strains and stresses

Kemper et al. [19] performed 51 uniaxial tension tests successfully (the rest did not fail within

the strain gage length of the test) on human liver parenchyma at 4 different strain rates

to understand the viscoelastic and failure properties of the human liver. The take-home

message was that the liver parenchyma gave non-linear response to the different tensile

loading rates, higher rates gave higher failure stresses but lower failure strains. This indicates

that liver parenchyma is non-linear and viscoelastic. Thus, this study provides results usable

for developing e.g. tissue injury criteria to assess injury risk in automotive accidents. Table

C.9 shows the average failure criteria which Kemper et al. [19] obtained. For all the tests,

the failure strains varied from 11% to 54% while the failure stresses varied from 7 kPa to 95

kPa.

Table C.9: Average failure 2nd Piola-Kirchhoff (PK) stresses and Green-Lagrange (GL) strains for
liver parenchyma [19].

Liver failure criteria ( Kemper et al. [19] )
Rate Desired

strain rate
(1/s)

Average
strain rate
(1/s)

Average
failure stress
(kPa)

Average
failure strain

Rate 1 0.01 0.008± 0.001 40.21± 21.39 0.34± 0.12
Rate 2 0.10 0.089± 0.014 46.79± 24.81 0.32± 0.05
Rate 3 1.00 0.871± 0.093 52.61± 25.73 0.30± 0.10
Rate 4 10.0 9.477± 1.964 61.02± 24.89 0.24± 0.07

Brunon et al. studied the liver capsule failure properties and compared porcine samples with

human samples, as it was not understood well, by conducting uniaxial tensile quasi-static

tests on parenchyma and capsule samples to failure [8]. The averaged results from Brunon

et al. are found in Table C.10.
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Table C.10: Average failure true stress and Green-Lagrange strain for human liver capsule [8].

Liver capsule failure criteria ( Brunon et al. [8] )
Average ultimate true stress
(MPa)

Average ultimate strain

1.85± 1.18 0.326± 0.138

C.2.4 Spleen rupture strains and stresses

Kemper et al. [20] conducted 41 uniaxial tension tests on spleen parenchyma coupons and

29 uniaxial tension tests on spleen capsule/parenchyma coupons to failure successfully (the

rest did not fail), samples obtained from PMHS (tested within 48 h of death). The failure

properties were obtained within the strain gage length of the coupon were failure occurred.

They found that both the spleen parenchyma and capsule are rate-dependent, failure stresses

and strains increased and decreased with higher strain rate respectively. Kemper et al.

[20] also compared the spleen failure properties to the liver, as mentioned in the previous

subsection that explained the experiment by Kemper et al. [19]. It was found that liver

parenchyma has higher failure stresses and strains in tensile loading than the spleen, which

is consistent with previous studies [20]. From the average values, the spleen parenchyma

and capsule seems to have similar failure strains but vastly different failure stresses (the

capsule being much stiffer, indicated by higher stress threshold). The data is seen in Table

C.11 and C.12.
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Table C.11: Average failure 2nd Piola-Kirchhoff (PK) stresses and Green-Lagrange (GL) strains for
spleen parenchyma [20]

Spleen parenchyma failure criteria ( Kemper et al. (2011) )
Rate Desired

strain rate
(1/s)

Average
strain rate
(1/s)

Average
failure stress
(kPa)

Average
failure strain

Rate 1 0.01 0.009± 0.002 16.5± 13.1 0.26± 0.08
Rate 2 0.10 0.071± 0.014 23.9± 10.3 0.21± 0.05
Rate 3 1.00 0.681± 0.197 31.5± 16.3 0.19± 0.08
Rate 4 10.00 10.98± 2.940 33.8± 15.9 0.18± 0.02

Table C.12: Average failure 2nd Piola-Kirchhoff (PK) stresses and Green-Lagrange (GL) strains
for spleen capsule/parenchyma [20].

Spleen capsule/parenchyma failure criteria ( Kemper et al. (2011) )
Rate Desired

strain rate
(1/s)

Average
strain rate
(1/s)

Average
failure stress
(kPa)

Average
failure strain

Rate 1 0.01 0.008± 0.001 43.6± 18.1 0.23± 0.04
Rate 2 0.10 0.081± 0.009 46.1± 15.5 0.20± 0.04
Rate 3 1.00 0.794± 0.073 68.4± 33.1 0.19± 0.05
Rate 4 10.00 10.46± 1.475 65.3± 24.3 0.17± 0.02
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