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Abstract

The idea to use finite element (FE) models to reconstruct accidents for
humans is becoming more popular the last years. They represent the
human body very accurately and indicate well changes in shape, size
and biomechanical properties. FE models are useful when looking
at complex factors in the human body in a more systematic way and
when the approach is too complicated for conventional setups.

Positioned child models from PIPER were used in the process and then
rotated in LS-PrePost according to impact points and impact velocities
from a given literature data where information from witnessed fall ac-
cidents of children was given. The simulations were finally run in LS-
Dyna and the purpose was to investigate if the resulting brain injuries
were similar to the real life data.

From the literature, the falling distance from lowest point of the body
to the ground, the age of the child, gender, type of ground and results
from CT scans were all known. To compare the results to the literature
data, section cuts of the brain were taken at four locations with dif-
ferent time steps. Biomechanical injury predictors such as brain strain,
acceleration, rotational angular acceleration and rotational angular ve-
locity were observed and helped with the comparison.

In total, 12 cases were reconstructed which ended as 22 simulations.
Due to uncertainty regarding the falling height when the children fell
from a swing, each swing case had 3 scenarios. Overall the compari-
son of predicted injury locations from LS-Dyna to real injury locations
from CT scans indicated that 7 out of 12 cases compared relatively
well. The comparison of a 23-month-old girl to the same case recon-
sructed with CRABI-18 showed similar outcomes of the angular accel-
eration and the angular velocity. The linear acceleration and HIC were
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however much higher with LS-Dyna. Comparison between the swing
cases of a 10-, 12- and 13-year-old resulted in similar results for the
12- and 13 year-old girls but the 10 year boy had lower values for all
biomechanical parameters except the angular velocity which was a bit
higher.

With more detailed information about real accidents and precise scal-
ing of PIPER child models, reconstruction with LS-Dyna could be use-
ful in the future to design safer playgrounds for children and to obtain
injury criterion for children after fall incidents.



Sammanfattning

Användande av finita element (FE) modeller för att rekonstruera olyc-
kor har blivit allt populärare de senaste åren. De representerar män-
niskokroppen mycket noggrant och indikerar väl förändringar i form,
storlek och biomekaniska egenskaper. FE-modeller är användbara när
man tittar på komplexa faktorer i människokroppen på ett mer syste-
matiskt sätt och när tillvägagångssättet är för komplicerat för konven-
tionella metoder.

PIPER barnmodellerna positionerades i enlighet med islagpunkter och
islaghastigheter från en given databas där informationen från vittnade
fallolyckor av barn gavs. Simuleringarna kördes slutligen i LS-Dyna
och syftet var att undersöka om predikteringarna liknade de resulte-
rande hjärnskadorna.

Från databasen var fallhöjd från kroppens lägsta punkt till marken,
barnets ålder, kön, typ av mark och resultat från CT skanningar kän-
da. För att jämföra resultaten med litteraturdata togs sektionsavsnitt
av hjärnan på fyra platser med olika tidspunkter. Biomekaniska ska-
deprediktorer såsom hjärntöjning, acceleration, vinkelacceleration och
vinkelhastighet extraherades och användes i jämförelsen.

Totalt, rekonstruerades 12 fallolyckor med totalt 22 simuleringar. På
grund av osäkerhet om fallhöjden när barnen föll från en gunga, varje
fall från gunga hade 3 scenarier/fallhöjder var. Sammantaget indike-
rar jämförelsen av förväntade skadepredikteringar från LS-Dyna till
observerade skador från CT-skanningar att 7 av 12 fall korrelerade
relativt bra. Jämförelsen av en 23 månader gammal tjej i samma fall
som tidigare också rekonstruerades med en CRABI-18 docka visade
liknande resultat av vinkelaccelerationen och vinkelhastigheten. Lin-
jär acceleration och HIC var emellertid mycket högre med LS-Dyna
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simuleringarna. Jämförelse mellan fallen från gunga hos en 10-, 12-
och 13-åring resulterade i liknande resultat för 12- och 13-åriga flickor,
medans 10-åringen hade lägre värden för alla biomekaniska paramet-
rar utom den vinkelhastigheten som var lite högre.

Med mer detaljerad information om verkliga olyckor och exakt upp-
skalning av PIPER barnmodeller kan rekonstruera med LS-Dyna vara
användbar i framtiden för att utforma säkrare lekplatser för barn och
för att få skada skala för barn efter fallhändelser.
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Chapter 1

Introduction

The main reason for injuries, disabilities and in some cases death for
people under age 45 is mechanical impact. Thereof, impacts to the
head constitute for almost half of trauma incidents and is the most fre-
quent reason for permanent disability following an injury. The most
common accidents leading to head injuries are falls, assaults and road
traffic accidents. Road traffic accidents are the main cause related to
death but falls are the main reason for non-fatal hospitalisation [1].

To avoid reconstructing dangerous and even fatal accidents with hu-
mans there are a few methods possible to re-generate approximate be-
havior of a living person when it‘s under external loading and study
the human body tolerance. These are volunteers, cadavers, anthro-
pometric test device (ATD), computational models and animals. The
method of using computational models or FE models is gaining more
support within the field where it‘s possible to analyze complex factors
experienced by the humans in a more systematic way. This could be
beneficial for approaches that are maybe too complicated, too large or
expensive to do with conventional experimental setups. The most so-
phisticated models are FE models which provide very accurate human
models with fine anatomical and material details allowing modeling of
complex topology and boundary conditions [2].

Currently, there are rather good FE models available for adults where
there has been more effort on developing them than for children. When
modeling for children, people rely more on assumptions or by scaling
them from adult models. This does not give an accurate result where
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2 CHAPTER 1. INTRODUCTION

the anatomy of a child is not the same as for adults and the biggest
changes are in the head during these years [3]. More details about the
difference between children and adults are provided in Appendix A.

There has been some debate about head injuries in children after falling
from a short distance, from less than 3 meters. These doubts are mostly
based on lack of witnessed cases or were the falling incident was only
seen by caretaker which is considered unreliable. Because of these is-
sues, the falling projection is not known accurately [4]. However, there
are some cases that were witnessed, the child was observed and the
results were documented. This data will be used in the thesis to re-
construct fall incidents of children with FE modeling. The data can be
seen in the Method section later on.



Chapter 2

Aim

The aim for this master thesis was to use a model of a child in multi-
body modelling software and to apply witnessed real life information
to it. Positioned models for 3-, 6-and 12-years-old were available from
PIPER and used in the process.

The impact on the brain was observed and changes in stress and strain
were compared to the injuries described from the witnessed data. In
the end, it was interesting to see if it was useful to use the finite ele-
ment program LS-Dyna for reconstruction like this and if it would give
similar results to the real accident.

3



Chapter 3

Methods

Final positioning of the model in relation to the impact field were done
in LS-PrePost and impact points and impact velocities were added in
accordance with the given data. The simulations were done with LS-
Dyna. The child models obtained from KTH were used along with
the data received from the modeling to look at impact on the brain
and to observe changes in stress and strain. These changes could in-
dicate what head trauma occurred and these findings could then be
compared to recorded injuries. In addition, from these studies, a clin-
ical tolerance levels could be associated with certain brain lesions and
traumatic injuries.

A part of the PIPER software is the PIPER scalable Human Body Model
that is good for scaling and positioning Human Body Models for im-
pact. There are other modeling softwares available but PIPER was cho-
sen for this thesis where the focus was on children. Yet, there are not so
many child models available and they are still less advanced compared
to adult models. The PIPER project had a new child model that had
the aim to be scalable from 1.5-6 years-old and was therefore particu-
larly good for this thesis process [5]. Figure 3.1 shows a child model in
PIPER at age of 23 months old.

4



CHAPTER 3. METHODS 5

Figure 3.1: PIPER child model from different angles (23-month-old
girl).

The Division of Neuronic Engineering at KTH provided positioned
PIPER child models which had been presented in earlier studies [6],
[7]. The models from PIPER were for a 3-year-old, a 6-year-old and a
12-year-old. The age of the children obtained from the article written
by Plunkett ranged from 23 months old to 13 years old so they were
all calibrated to their closest age of the given models from PIPER.

3.1 Data used in the process

From the article “Fatal Pediatric Head Injuries Caused by Short-Distance
Falls“ by John Plunkett, the author researched witnessed or investi-
gated fatal short-distance falls. He went through the United States
Consumer Product Safety Commission database for head injuries linked
to playground equipment for the period 01/01/88 – 06/30/99. After
observation of primary source data the author had a list of 114 deaths
related to playground equipment and thereof were 18 head injury fa-
talities related to falls [4].

All these falls were from 0.6-3 meters and the child age ranged from 12
months up to 13 years old. For all cases, resulting brain injuries were
documented along with height of the fall, sex, age and where they fell
from, e.g. a swing, a stationary platform or ladder. Of these 18 falls, 12
were witnessed and in this thesis the focus was on these 12 witnessed
cases where the information for them are considered more reliable. E.g



6 CHAPTER 3. METHODS

the falling height and falling position for the non-witnessed cases were
more of a guess so the time was rather spent on data that could lead
to more reliable results rather than spending too much time on guess-
ing about the accidents. The 12 cases used in the thesis are indicated
in Table 3.1 which indicates important factors for each case. Out of 12
cases, 9 had lucid interval from 10 minutes up to 48 hours [4].

The information from the 12 witnessed cases were used to position
the models in LS-PrePost as accurate as possible to the real situation.
The impact of the brain was observed after running simulations with
LS-Dyna and different cases compared to see if there was similarity
between the cases. The variety of falling height was also observed for
the cases that happened in a swing.
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Age Sex Fall from Distance [m] Lucid interval Head injury type

23 m F Platform 0.70 10 m

Large right-sided subdural hematoma
with effacement of the right lateral
ventricle and minimal subfalcine

herniation

26 m M Swing 0.9-1.8 No
Acute cerebral edema and a small

subdural hematoma adjacent to the
anterior interhemispheric falx

3 y M Platform 0.9 10 m
Small subdural hematoma and diffuse
cerebral edema with uncal herniation

3 y F Ladder 0.6 15m

Subgaleal hematoma at the vertex. Small
epidural and subdural hematomas,
bilateral “contrecoup“ contusions of
inferior surfaces of the frontal and

temporal lobes and marked cerebral
edema with uncal herniation

4 y M Slide 2.1 3 h
Large left parietal epidural hematoma

with a midline shift

6 y M
Horizontal

ladder
3.0 45 m

Diffuse cerebral edema with effacement of
the basilar cisterns and 4th ventricle

6 y F
Horizontal

ladder
0.9 1 + h

Right parieto-occipital skull fracture,
subdural and subarachnoid hemorrhage
and a right cerebral hemisphere infarct

7y M
Horizontal

ladder
1.2-2.4 48 h

First normal CT scan except for an
occipital subgaleal hematoma. Second CT

scan indicated a left carotid artery
occlusion and left temporal and parietal

lobe infarcts

8 y F
Retaining

wall
0.9 12 + h

Right temporoparietal subdural
hematoma, extending to the base of the

brain in the middle and posterior fossae,
with flattening of the gyri and narrowing

of the sulci

10 y M Swing 0.9-1.5 10 m
Large acute right frontoparietal subdural
hematoma with transtentorial herniation

12 y F Swing 0.9-1.8 No

Occipital impact injury associated with an
extensive comminuted occipital fracture
extending into both middle cranial fossa

and “contrecoup“ contusions of both
inferior frontal and temporal lobes

13 y F Swing 0.6-1.8 No
Interhemispheric subdural hemorrhage

and generalized cerebral edema

Table 3.1: The cases used in the thesis. For the age, m stands for months and y for years. The
sex is either represented as F for female or M for male. The distance is given in meters and
for the lucid interval, m is minutes and h is hours. Information from Plunkett’s report [4].
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3.2 Finite element modeling of child

Real life witnessed fall accidents were reconstructed with positioned
child models from the software PIPER as mentioned earlier and with
a software called LS-Dyna. This was done to see if the brain injuries
obtained with the softwares fitted to the literature data and if there
were any similarities or patterns between the cases.

3.2.1 FEM

FEM or finite element method is a numerical technique to solve prob-
lems that are described by partial differential equations or can possibly
be formed as functional minimization. An assembly of finite elements
are the domain of interest [8]. This method is thought to be convenient
and well established in computer solutions to solve various complex
problems and is used in many fields of engineering, such as biomedi-
cal engineering. LS-Dyna is one of many finite element programs that
are available and was chosen for this particular thesis [9].

3.2.2 Environment model

For all cases, either it was from a swing, a horizontal ladder or a slide,
the child usually hit a hard packed ground of some kind, usually con-
crete or a floor made of hard rubber. Therefore, the environment model
or what was called the “ground“ which the child model hit was built
up as a rectangular box of a large hard material, more specifically a
stiff rubber composite similar to the one used in the article "Improved
safety standards are needed to better protect younger children at play-
grounds" [6]. All cases were simulated with the same material. A text
file (called keyword file) with this particular rubber composite was
made for each case where the initial velocity was chosen in correspon-
dence to that case.

The height from the body part that was closest to the ground right be-
fore the fall was known from the witnessed data in Table 3.1. The posi-
tion right before the accident, for example if the child was in a swing or
on a platform and how it fell down from that particular point was also
known. To find the approximate falling height from the head to the
ground, an average number of the height of corresponding age was
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used to add to the currently known distance from closest body part
to the ground. The average height information was collected from the
website disabled-world.com where weight and height information for
both female and male children were available for different ages [10].

The cases where the children fell from a swing were a bit tricky be-
cause they were moving in a curve and the exact falling height was
not known. In Table 3.1, the distance for the swing cases have approx-
imate intervals different from the other cases that have accurate falling
distance given. Because of these intervals and uncertainty of the ex-
act falling height, the average, maximum and minimum distance val-
ues were used to calculate the corresponding velocities to reconstruct
all three scenarios for each case. These three scenarios could then be
compared to the real results from the CT scans and the comparison of
the results from average, maximum and minimum velocities could be
compared between each other.

3.2.3 Simulating with LS-Dyna

This section will explain the simulations performed using PIPER model

and evalution of brain injuries from PIPER model prediction.

Each case was treated separately, that is, the keyword files were changed

for each case in relation to the given data. The falling height (distance

from the lowest part of the body to the ground + the average height

of the corresponding age) was used to calculate the velocity which the

child hits the ground with. This was calculated with the formula:

v =
√
2gh (3.1)

The calculated impact velocity was put in as the velocity in x-direction
in the keyword file for the playground.

From the real life data, LS-PrePost was used to position the child model
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and the ground together as similar as possible to the given informa-
tion. Changing angles or rotating a child around x, y or z axis was
done in a keyword file for the child and moving the ground in x, y or z
direction could be changed for the playground. Almost all cases could
use the given positioned child models from PIPER without any prob-
lems but a few cases could possibly have better outcome if they had
been positioned more accurately in PIPER. If this problem occurred
the focus was on positioning the child as close to the description as
possible but making sure it hit the head as described.

When the setup was ready the simulations were driven by LS-Dyna.
After running the simulations, resulting linear acceleration, resulting
rotational angular acceleration, resultant rotational angular velocity
and HIC36 could be extracted with LS-PrePost. The min and max val-
ues for the Fringe Range were chosen at 0-0.25 to obtain a better view
on how the strains were changing in the brain during impact [11].

Figure 3.2: Schematic to indicate the four cuts taken through the brain
in each case.

Four section cuts of the brain were taken for each case and then 11
time steps in each section. The focus was on seeing where the strains
peaked in the brain so an image of each time step was saved to com-
pare to the given data [11]. Tables with brain images for each case can
be seen later in the result section. The first time step started at 10 ms
and was then taken every 5 ms until the end of the run. A schematic
figure of the four cuts can be seen in Figure 3.2. The resulting injuries
in the brain from the simulations were compared to the information
provided from the real life CT scans.
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3.2.4 Head injury kinematics

The images of the brain obtained from the section cuts described here
earlier were collected together for each case to visually compare it with
the description of the CT scan from the given data. The kinematics of
each case were also collected to show how the movement was chang-
ing in each case. Finally the graphs of the linear acceleration, angu-
lar acceleration and angular velocity were made in Matlab using the
values obtained from LS-PrePost. The maximum values from these
graphs for all cases were collected in a table along with the HIC36 val-
ues to summarize and compare. HIC or head injury criterion indicates
the measure of how likely it is to develop head injuries following an
impact. Injury criteria for children has not been formed as well as for
adults but by comparing the values, it was possible to see if one case
was more likely to evolve to a head injury compared to others [12].
Due to large set of results, a few representative cases were chosen and
to be discussed in the result chapter and the rest of the tables, graphs
and figures will be attached in Appendix B.



Chapter 4

Results

From 12 cases where each swing case had 3 scenarios, the result was 22
simulations. All 22 simulations had a normal termination except one
where the 26 month old boy with minimum velocity got an error after
38 ms approximately. Due to large set of data for the result chapter
only few cases will be presented here to explain how the comparison
took place. The accidents that happened from a swing will be com-
pared and an individual case that has been reconstructed before with
another method will be presented in this chapter. The rest of the kine-
matic figures, brain injury tables and graphs can be seen in Appendix
B. A comparison table indicating if the injuries in the brain compared
well or not to the literature description will be presented in the end of
the result chapter. Finally, a summary table with the maximum linear
acceleration, angular acceleration, angular velocity and HIC36 for all
of the cases can be seen in the conclusion chapter.

4.1 The case of a 23-month-old girl

Discussion about an article where a fatal pediatric fall was reconstructed
with CRABI-18 is accessible in Appendix A, under the section A.3.1.
This accident was the case of a 23-month-old girl that was also recon-
structed in this thesis with LS-Dyna. The girl was playing on a plastic
gym, climbed the top rail, lost balance and fell down on her head.

12
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4.1.1 Illustration of the kinematics

Figure 4.1 illustrates the kinematics during her fall when she’s hitting
her head to the ground. She first hit her head to the ground around
5 ms, following her feet hitting the ground at 15 ms and the body
finally contacted the ground around 30 ms, when she hit the chest
to the ground. Right after 50 ms, hear head rebounced again to the
ground, this time with the face. Her arms were along her body touch-
ing the ground and right before the end of the run her feet rebounced
up again.

(a)
10ms

(b)
20ms

(c)
30ms

(d)
40ms

(e)
50ms

(f)
60ms

Figure 4.1: Kinematics for a 23-month-old girl.

4.1.2 Brain injury prediction

To observe where the strain peaked in the brain, a table was made
with four section cuts and eleven time steps. The resulting brain im-
ages can be seen in Table 4.1. The red areas indicate the highest strain
and can possibly predict injury locations that will evolve after the im-
pact. Strain is peaking on small areas on the right and left side on the
frontal part of the brain. Around 40-45 ms, the highest strain slightly
shows around the midline in the frontal area. There is also a small area
between the parietal and occipital areas that indicates higher strain.
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10 15 20 25 30 35 40 45 50 55 60 Strain

1

2

3

4

Table 4.1: 23-month-old girl. Columns indicate timesteps in ms and rows indicate
section cuts.

4.1.3 Graphs of biomechanical parameters

The linear acceleration, angular acceleration and angular velocity of
the case of a 23-month-old girl are represented in Figure 4.2. The slope
increases rapidly on all graphs right after the impact around 5 ms. The
maximum peaks right after the impact were observed and all exact
values are accessible in Tables 4.2 and 6.1.

Figure 4.2: Resulting head accelerations for a 23-month-old girl.
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4.1.4 Comparing predicted strain images to real CT-
images

The description of the head injury type of this case from the CT scans
describes large right-sided subdural hematoma with effacement of the
right lateral ventricle and minimal subfalcine herniation [4]. When
looking at table 4.1, the time from 40-45 ms indicates higher strain
along both the right and left side of the brain and could predict in-
jury location similar to the right-sided subdural hematoma. At this
same time, there is a small area where the strain peaks and could be
prediction for minimal subfalcine herniation. It is not very obvious if
there are possible injuries around the right lateral ventricle like was
seen on the CT scans.

When looking at the highest strain from the brain images, it shows at
later time than the time where the peaks are showing from the graphs.
It is common that the strain shows a bit later on the images, the injuries
can take time to evolve and be visible.

4.1.5 Comparing biomechanical parameters from LS-
Dyna to CRABI-18

The maximum values of the linear acceleration, angular acceleration,
angular velocity and HIC36 were observed after running the simula-
tion with LS-Dyna for the case of a 23-month-old girl and compared
to the average values obtained from the experiment with CRABI-18.
The comparison can be seen in Table 4.2. Both the linear acceleration
and HIC were much higher with LS-Dyna than with CRABI-18. The
angular velocity was almost exactly the same for both methods but the
angular acceleration differed a bit between the methods.

Method Lin. Acceleration [g] Ang. Acceleration [krad/s2] Ang. Velocity [rad/s] HIC
LS-Dyna 278 14.4 56.8 2575

CRABI-18 125 ± 7 32 ± 11 57 ± 16 335 ± 115

Table 4.2: Biomechanical parameters from LS-Dyna and CRABI-18.
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4.2 Accidents in a swing for 10-, 12- and 13-
year-old

There were 4 accidents that happened in a swing and in all of them
the child fell backwards, hitting the back of the head to the ground.
As mentioned earlier, these cases were all done 3 times, with average,
maximum and minimum impact velocities. One of these 4 cases for a
26-month-old boy had an error termination for the minimum value so
this particular comparison will mainly focus on the other three, that
is for a 10-year-old boy, 12-year-old girl and a 13-year-old girl. These
three cases were all calibrated to the closest PIPER model provided by
KTH, that is to the 12-year-old model.

4.2.1 Illustration of the kinematics

There was not a very distinguishable difference between the kinematic
figures considering average, maximum and minimum simulations for
each case. Therefore only the kinematics for the average situations for
these three ages will be presented here in Figures 4.3, 4.4, 4.5 and the
other figures will be accessible in Appendix B.

Figure 4.3 explains how the 10-year-old boy fell from the average height.
His head struck the ground around 3.5 ms and the back of the shoul-
ders at 15 ms. Then the body rolled down as time passed until the
entire back touched the floor. His feet moved towards his stomach
during the simulation.

Figure 4.4 explains how the 12-year-old girl fell from the average height.
She hit her head to the ground around 6.5 ms and the back of her shoul-
ders at 12.5 ms. Similar to the case of the 10-year-old boy, this girl
rolled down until her entire back touched the ground and her head
bent upwards. Her feet also moved closer to the stomach but she did
not end up in as curved position as the 10-year-old boy did.

Figure 4.5 explains how the 13-year-old girl fell from the average height.
She fell very similarly to the case of a 12-year-old girl, hit her head to
the ground around 6.5 ms, rolled on her back and knees moved closer
to the stomach.
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Figure 4.3: Kinematics for a 10-year-old boy with average velocity.
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Figure 4.4: Kinematics for a 12-year-old girl with average velocity.
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Figure 4.5: Kinematics for a 13-year-old girl with average velocity.

As can be seen from the illustration of the kinematics, these three acci-
dents look very similar even though they are not exactly the same.

4.2.2 Brain injury prediction

To observe where the strain peaked in the brain, a table was made
with the four section cuts and eleven time steps for each simulation.
The tables for the average simulations for the cases of 10-, 12- and 13-
year-old are presented here and the maximum and minimum results
can be seen in Appendix B.

The difference can be seen better by comparing Tables 4.3, 4.4 and
4.5. Even though the 10-year-old boy hits the ground with the lowest
average velocity, his brain is showing higher strain in the beginning
of the run than the other two cases and also a bit higher when time
passes. On the other hand, the outer part of the brain is not showing
high strain like the other two do at the 10 ms time step. Otherwise the
strain spreads in a rather similar way in these three cases.

Table 4.3, illustrates where the strain peaks after the impact of a 10-
year-old boy to the ground. The highest strain covers the biggest area
at 15 ms, shortly after the impact. It covers the left and right sides in
the frontal area, reaching through the midline of the brain and down



CHAPTER 4. RESULTS 19

to the left and right sides of the occipital area. Later in the simulation,
the red areas decrease and the highest strain is mostly showing at the
midline.

Table 4.4, illustrates the highest strain in the brain when the 12-year-
old girl fell to the ground. In her case, the strain peaks in the biggest
area around 15-20 ms after the impact. She is not showing as much
strain at 15 ms as for the case of a 10-year-old boy but the strain spreads
similarly, that is, from the right and left sides of the frontal area, through
the midline and down to the right and left side of the occipital area. In
this case, the peaking strain area is smaller around the occipital area.
At 20 ms, she is showing higher strain compared to the 10-year-old
boy. Mostly showing in the frontal area and in the midline of the pari-
etal area. The strain is not peaking a lot later in the simulation.

Table 4.5, illustrates how the highest strain spreads in the brain of the
13-year-old girl after her impact to the ground. It is interesting to see
how these images of the brain look almost identical to the images of
the 12-year-old girl. Even though they look like the same case, the
parametrical studies show that they give not exactly the same results.

10 15 20 25 30 35 40 45 50 55 60 Strain

1

2

3

4

Table 4.3: 10-year-old boy with average velocity. Columns indicate timesteps in ms
and rows indicate section cuts.
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10 15 20 25 30 35 40 45 50 55 60 Strain

1

2

3

4

Table 4.4: 12-year-old girl with average velocity. Columns indicate timesteps in
ms and rows indicate section cuts.

10 15 20 25 30 35 40 45 50 55 60 Strain

1

2

3

4

Table 4.5: 13-year-old girl with average velocity. Columns indicate timesteps in
ms and rows indicate section cuts.

4.2.3 Graphs of biomechanical parameters

Finally the linear accelerations, angular accelerations and angular ve-
locities were plotted and on each graph the average, maximum and
minimum part of each case plotted together, as can be seen in Figures
4.6, 4.7 and 4.8.

The graphs for the 12-year-old girl and the 13-year-old girl looked very
similar and the 10-year-old boy was not so far off. It was interesting to
see the comparison of the maximum values of the graphs between the
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three cases. All values for the 12- and 13-year-old girls were very sim-
ilar for the linear acceleration, angular acceleration, angular velocity
and HIC36. All of the same values for the 10-year-old boy were lower
compared to the other two cases but surprisingly he had a higher an-
gular velocity value compared to the value for the 12- and 13-year-old
girls. The higher value of angular velocity probably explains his more
curved position in the end compared to the girls. Looking at the HIC
values, the 13-year-old girl with maximum velocity had the highest
HIC of 6915 so she had the highest likelihood of developing head in-
juries after her impact to the ground. The exact values can be seen in
Table 6.1 in the conclusion chapter.

Figure 4.6: Resulting accelerations for a 10-year-old boy.
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Figure 4.7: Resulting accelerations for a 12-year-old girl.

Figure 4.8: Resulting accelerations for a 13-year-old girl.
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4.2.4 Comparing predicted strain images to real CT-
images

The description from the real life data about the CT scans were com-
pared to the brain images to see if the simulations gave good predic-
tion of injury locations similar to real injury locations from the CT
scans.

The description of the CT images for a 10-year-old boy, from the real
case indicated large acute right frontoparietal subdural hematoma with
transtentorial herniation [4]. Table 4.3 for average velocity at 15 ms
shows the biggest area with the highest strain. It spreads widely both
to the right and left sides of the frontal area, down the midline of
the brain and to the right and left sides of the occipital area. The
higher strain on the right side could indicate some prediction of an
injury location similar to the one recorded with right frontoparietal
subdural hematoma. At this timestep, there could also be some pre-
diction of the injury location for the transtentorial hernitation. This
high strain there, however, seems to decrease later on in the simu-
lation. When comparing the description from the CT scans to Table
B.13 for the maximum velocity the prediction indicates more likeli-
hood of developing injuries at similar locations to the real description
than with the average velocity. Also, the strain is a bit higher in wider
area later in the simulation, different from the scenario with average
velocity. For this scenario there is possibly prediction for subdural
hematoma. When making comparison to Table B.14 with the mini-
mum velocity, the strain gives rather good prediction of injury location
where transtentorial herniation could form. This strain area is clearest
in the beginning of the simulation but there is not so much strain peak-
ing in the frontoparietal part. There is not much strain peaking later
on in the simulation for the scenario with minimum velocity. There-
fore it was thought to be more likely that the child fell from a height
corresponding to the average to maximum height.

The description of the case of a 12-year-old girl described extensive
comminuted occipital fracture extending into both middle cranial fossa
and "contrecoup" contusions of both inferior frontal and temporal bones
[4]. For the average case in Table 4.4, the highest strain was visible
around 15-20 ms. The strain area ranged from right and left side of
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the frontal area, down the midline of the brain and spread lightly to
the right and left side of the occipital area. These strain areas did not
give a good prediction of injury locations similar to the ones described
from the CT scans except it could possibly predict for the "contrecoup"
for the frontal bones. Comparison to Tables B.15 and B.16 did also pre-
dict possible injuries in similar area to the "contrecoup" of the frontal
bones but did not give better prediction of injury location similar to
the "contrecoup" of the temporal bone or the middle cranial fossa.

Finally the description of CT images for a 13-year-old girl indicated in-
terhemispheric subdural hemorrhage and generalized cerebral edema
[4]. Around 15-20 ms in Table 4.5 for the average scenario, there is
some prediction of similar injury locations to the interhemispheric sub-
dural hemorrhage described from the CT scans. The scenario of mini-
mum velocity from Table B.18 looks very similar to the simulation with
average velocity. The simulation with maximum velocity did show a
wider area with high strain compared to the other two scenarios, so
the maximum falling height is thought to be likeliest compared to the
CT scans.
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4.3 Overall comparison to real world data

In this section, all of the cases are included and how they came out
with LS-Dyna. Table 4.6 compares the information from the real life
CT scans from the literature to the images of the brain obtained from
LS-Dyna. The FE images are used as a prediction of possible injury lo-
cations and they are compared to the locations of the real injuries that
were documented from the CT scans.

Age &
Sex

Head Injury Type from Data FE-Prediction
Compares

Well

23 mg

Large right-sided subdural
hematoma with effacement of the
right lateral ventricle and minimal

subfalcine herniation

Higher strain on the right side but
not covering big area. Showing

higher strain similar to the location of
the subfalcine herniation

Yes

26 mb
Acute cerebral edema and a small

subdural hematoma adjacent to the
anterior interhemispheric falx

Strain peaks a lot, especially for the
average and maximum velocities,

could predict for acute cerebral
edema. For all three velocities, the
strain peaks around the location of
the anterior interhemispheric falx

Yes

3 yb
Small subdural hematoma and

diffuse cerebral edema with uncal
herniation

Only showing small part with higher
strain that could predict for subdural

hematoma
No

3 yg

Small subdural hematoma, bilateral
“contrecoup“ contusions of inferior
surfaces of the frontal and temporal
lobes and marked cerebral edema

with uncal herniation

Strain peaks on small area around the
frontal lobe. Higher strain on small

areas around the midline of the brain
No

4 yb Midline shift
Showing midline shift and higher
strain at the right and left edges of

the brain
Yes

6 yb
Diffuse cerebral edema with

effacement of the basilar cisterns and
4th ventricle

Higher strain at right and left edges
of the brain in the beginning of the

simulation
No
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6 yg

Right parieto-occipital skull fracture,
subdural and subarachnoid

hemorrhage and a right cerebral
hemisphere infarct

Higher strain around the midline of
the brain and also along the edges
both at the right and left side of the
brain, in the frontal area. There was

higher strain along the edges close to
the occipital area but it faded more

with time

Yes

7yb
CT scan indicated a left carotid artery

occlusion and left temporal and
parietal lobe infarcts

Both minimum and average
velocities do not have much in

common to the description but the
maximum velocity indicates higher

strain on the right and left side of the
frontal area, around the midline of
the brain and to the edges of the

occipital area, reaching a bit up to
both left and right side edges in the

occipital area

Yes-max

8 yg

Right temporoparietal subdural
hematoma, extending to the base of

the brain in the middle and posterior
fossa, with flattening of the gyri and

narrowing of the sulci

Not showing increased strain well No

10 yb
Large acute right frontoparietal

subdural hematoma with
transtentorial herniation

For both average and maximum
velocities, there could be some

prediction of injury locations similar
to the described injuries from the CT

scans. For the minimum velocity
there is higher strain on small area

close to the area where possible
transtentorial herniation could

evolve, mostly in the beginning of
the simulation

Yes-
av/max
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12 yg

Occipital impact injury associated
with an extensive comminuted

occipital fracture extending into both
middle cranial fossa and

“contrecoup“ contusions of both
inferior frontal and temporal lobes

For average velocity, the strain areas
predicted rather well for the

"contrecoup" for the frontal bones but
not for the other described injuries

from the CT scans. For the maximum
and minimum velocities the

comparison was similar to the one
with average velocity, the prediction
was best for the "contrecoup" for the
frontal bones but not so well for the

other injuries

No

13 yg
Interhemispheric subdural

hemorrhage and generalized cerebral
edema

For the average and minimum
velocities the strain areas predict

some injury locations similar to the
location of the hemorrhage from the
CT scans. For the maximum velocity

there is even wider area with high
strain so even better prediction of

injuries evolving there, such as
hemorrhage described from the CT

scans

Yes

Table 4.6: Comparison of CT scan description to images of the brain
from LS-Dyna. Where the age and sex are indicated, m stands for
months, y for years, g for girl and b for boy.
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Discussion and future work

In this thesis, the focus was on using witnessed data from a given re-
port and use these information to reconstruct fall injuries to check if
PIPER child model could be useful in comparison to the real life data
provided from CT scans taken after the accidents. As expected, some
of the cases compared relatively well to the CT images while others
did not, which may be attributed to different factors which can be ad-
dressed in future work as discussed below.

Due to very sensitive matter, the CT scans were not accessible where
sadly all of the accidents from the studied cases were fatal. If the CT
scans were provided along with data like this, the comparison could
possibly become easier and more reliable where the FE images could
be compared directly visually to the CT images. If more data is avail-
able later on in the future it could be useful to make sure that the CT
scans will be provided along with it.

Another thing related to the CT images and FE images is the availabil-
ity of looking at them in 3D. It could be beneficial to have the oppor-
tunity to look at both the brain from the CT images and at FE images
from LS-Dyna from a 3D view. For further future work on this, the
cases can be positioned further and checked if the results are changing
a lot.

In this thesis the positioning was done as approximately as possible
but the data describing the falling position of the body was not to-
tally exact so there is always some guessing and imagination on that

28
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part. Also, more time could be spent on changing the positioning of
the child models in PIPER. The models that were already positioned in
PIPER for this thesis were all fixed in a sitting position so their knees
were bent in 90 degrees, like could be seen in Figure 3.1. This probably
had some affect on the results where the child was supposed to hit the
floor first with other body part than their legs. E.g. in the case where
the child was supposed to hit the face first. It was hard to position the
child exactly so it would hit first with its face but not with their legs.
Another case had similar problem, it was supposed to hit first with
outstretched hands and then hit the head.

When more models are available from PIPER, that is, the models will
be scaled to their exact age for each case, it could be interesting to sim-
ulate the cases again.

Finally, the other 6 cases that were left out of this thesis and were not
witnessed could be checked later on. Even though there is a lot of
guessing in positioning the body and the falling height, it could be in-
teresting to look at the results from that observation to see if there is
any similarity to the witnessed cases.

The results from this thesis, future work and progress on this topic
can lead to better knowledge of possible head injuries for children af-
ter falling a short distance and could be useful to develop safer play-
ground environment for children.
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Conclusion

From a data of 18 cases, 12 were used for this thesis. They were all
simulated in LS-Dyna where the kinematics were obtained along with
images of the brain and different graphs of the accelerations. All these
are accessible in the result chapter or in Appendix B.

The result chapter was divided up in 3 parts. First, it gave deeper
insight into one case, the 23-month-old girl that had already been re-
constructed before with CRABI-18. Secondly, there was a comparison
between three cases that all happened in a swing where three children
at similar age fell from similar heights and from similar body posi-
tions. Finally there was an overall comparison of all the 12 cases re-
constructed during the process.

The brain images from LS-Dyna for the 23-month-old girl predicted
similar injury locations as were described from the real CT scans and
the HIC value was relatively high compared to the HIC value from the
CRABI-18 reconstruction. The angular velocity was almost exactly the
same but the linear acceleration was higher than with CRABI-18 and
the angular acceleration a bit lower. Differences could possibly lead
from minor differences in the child models, like in weight and height.

Comparing the swing cases, where all the children fell backwards on
their heads, gave rather similar results numerically for the linear ac-
celeration, angular acceleration and angular velocity. Remarkably, the
10-year-old boy that hit the ground with the lowest average velocity
compared to the 12- and 13-year-old girls, showed the highest strain

30
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during the simulation.

Age & Gender Lin. Acceleration [g] Ang. Acceleration [krad/s2] Ang. Velocity [rad/s] HIC
23 mg 278 14.4 56.8 2575

26 mb av 373 14.6 93.4 4359
26 mb max 407 16.8 100.6 5510
26 mb min 339 13.2 85.1 3283

3 yb 303 12.9 53.8 2965
3 yg 277 10.7 37.5 2440
4 yb 402 10.0 25.5 6142
6 yb 477 13.0 28.2 9537
6 yg 142 8.9 47.8 649

7 yb av 295 11.4 45.9 2788
7 yb max 346 17.3 60.1 4010
7 yb min 233 9.4 38.0 1647

8 yg 360 14.7 25.1 4246
10 yb av 358 11.7 62.5 4363

10 yb max 397 11.9 64.6 5208
10 yb min 333 10.4 60.0 3757
12 yg av 395 14.5 50.1 5297

12 yg max 441 16.0 51.6 6531
12 yg min 364 12.7 48.0 4206
13 yg av 393 14.6 49.7 5270

13 yg max 440 16.4 52.0 6915
13 yg min 338 11.9 46.8 3715

Table 6.1: Summary table for all the cases comparing linear acceleration, rotational angular
acceleration, rotational angular velocity and HIC. In the age the letters y stand for years and
m for months. The gender is indicated with b for boys and g for girls. Av, max and min
stand for average, maximum and minimum velocities.

When all cases are compared from the values in Table 6.1, the 6-year-
old boy is sticking out with a HIC of 9537, much higher than all the
other cases. On the other hand the case of a 6-year-old girl has the
very lowest HIC of just 649. The majority of all the cases have HIC
value falling in the range of 1500-6000. It is interesting to see how sim-
ilar the angular acceleration is for almost all cases. The 6-year-old girl
had the lowest linear acceleration of 142 g and the 6-year-old boy the
highest linear acceleration of 477 g.
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The comparison in Table 4.6 in the result chapter indicated that 7 out
of 12 cases simulated in LS-Dyna compared relatively well to the de-
scription of the CT scans from the real accident. Different ways that
could possibly improve the results in the future were discussed in the
discussion chapter. Table 6.1 includes all maximum values for the lin-
ear acceleration, angular acceleration, angular velocity and HIC36 for
all the cases that were simulated in this thesis project.
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Appendix A

Background and Literature Study

A.1 Fall injuries in children

A.1.1 Statistics

The leading cause of injury, disabilities and even death for people un-
der 45 in age in Europe, USA and increasing in Third World countries
is mechanical impact. Impacts to the head lead to almost half of the
deaths related to mechanical trauma and is the most frequent reason
for disability after injury. Falls, assaults and road traffic accidents has
been cited as the most frequent causes of head injuries [1]. The cause
differs between countries all over the world and a rough distribution
can be seen in Figure 1. Road traffic accidents are normally the main
cause of injury related death but falls are the main reason for non-fatal
hospitalisation [1].

Physicians and authors do not agree on everything regarding head in-
juries in infants and children, among this is the disagreement on pos-
sible death or serious injuries after falling a short distance, from less
than 3 meters. The few studies implying that short distance fall can
actually lead to death has been doubted because the cases were not
witnessed or were only seen by a caretaker of the child which is not re-
liable if the child was abused or if the caretaker is not telling the whole
truth for some reason. However there are some recent studies built on
reported observations of fatal falls and biomechanical analysis using
adult human volunteers, experimental animals and models that show
the possibility of fatal or serious head injury after a 0.6 m fall [2].
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Figure A.1: Distribution of causes of head injury worldwide. If no
column is shown, there is no information for that statistic [1].

A.1.2 Traumatic brain injury

Traumatic brain injury (TBI) can be the cause of a force that results
in either stress or strain of the brain. The type of injury depends on
the duration and level of force and also on the specific geometric and
mechanical properties of the cranial system that is under loading. It
can be hard to calculate stress and strain where the skull and brain
have different biophysical characteristics all over the head. By ap-
plying force, the skull and brain start to move and acceleration, the
time for reaching peak acceleration and the duration of acceleration
can be measured at certain locations. These kinematic parameters can
be helpful in analyzing TBI because they are relatively easy to quantify
but they are not the cause behind actual brain damage [2].

A.1.2.1 Various brain injuries

When person fall on the head the injuries can vary and different brain
lesions can evolve. The severity between them differ and it can vary if
there is obvious evidence indicating them or not.
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A.1.2.1.1 Subdural hemorrhage

Subdural hemorrhages is when blood collects in the subdural space
that is between the dura and the arachnoid mater of the membranes
around the brain. Illustration of the condition can be seen in Figure 2.
This can happen when bridging cortical veins are stretched or teared.
This can happen due to a sudden velocity change to the head that re-
sults in shearing forces rupturing the veins. This can happen for peo-
ple at all ages, is mainly due to head traumas such as after a fall, car
accident or if a child is shaken and can normally be diagnosed with CT
images [3], [4].

Figure A.2: Indicating position of subdural hematoma and epidural
hematoma, "Image Provided by EBM Consult" [5].

So called “high strain“ impact that is typical for a fall is more likely
to result in subdural hemorrhage than “low strain“ impact that can be
typical for i.e. a motor vehicle accident. High strain impact means
that the pulse duration is short and there is high rate for deceleration
onset while low strain impact means that the pulse duration is long
and there is low rate for deceleration onset [2]. Subdural hemorrhages
are usually involved in 10-20% of all head traumas and can be the case
for up to 30% of all fatal injuries [3].
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A.1.2.1.2 Epidural hematoma

Accumulation of blood between the tough fibrous membrane that cov-
ers the brain, called dura mater and the skull. Illustration of this can
be seen in Figure 2. Epidural hematoma usually results from a skull
fracture and torn artery [6]. The blood leaking from the artery can
build up into pockets which expand out and can cause pressure on
the brain. If this condition is discovered soon enough and fixed, the
child has a great chance to recover and the brain will not be damaged
permanently. Like for subdural hematoma, a child can get epidural
hematoma after various traumas to the head such as after falling, be-
ing shaken or after a car accident [4].

A.1.2.1.3 Lucid interval

Lucid interval is when a person is conscious after undergoing head
trauma where she was knocked unconscious because of some impact.
The latter word interval is used because this state lasts until the person
becomes unconscious again. During the interval, the blood builds up
in the brain until the pressure in the brain tissue is so high the person
finally loses conscious. If there is no medical intervention provided
quickly the person is at high risk of dying. Lucid interval can be very
misleading where the person can be unconscious for a short time and
then gains conscious but is not aware of the seriousness of their condi-
tion and sometimes there are no obvious symptoms [7].

Unconsciousness can result when the diencephalic and midbrain por-
tions of the reticular activating system are disrupted. Diffuse axonal
injury and shearing are considered the primary biophysical mecha-
nism behind immediate traumatic unconsciousness [2].

A.1.2.1.4 Retinal hemorrhage

Retinal hemorrhage happens when there is unusal bleeding in the blood
vessels of the retina which is a membrane in the back of the eye. This
state can happen because of a disease or after some injury and can
lead to either temporary or permanent loss of visual acuity. They can
involve all the retinal layers or just part of them and can be unilateral
or bilateral. Retinal hemorrhage can follow subdural hemorrhage and
can be present in about 20% of subarachnoid hemorrhage [8].
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The brain injuries previously mentioned were the result in most of the
cases used in the process among other injuries such as cerebral edema,
cerebral infarction and occipitial fracture.

A.2 Child growth anatomy

A.2.1 Head

As mentioned before, values for children have mostly been scaled from
adult data. This does not give accurate result where children and
adults have different anatomy. The biggest difference is the propor-
tion of total mass in the head where the head counts for 30% of the
total body weight at birth while for adults this counts for only 6%. The
length of the head of newborns is also one fourth of the total height
while it‘s one seventh of adult‘s total height [9]. Changes of the skull
from newborns to adults can be seen in Figure 3.

Figure A.3: Head size relative to body size for children up to adult-
hood [10].

The structure of the skull is also very different between children and
adults. The skull is flexible for infants and has six sections called
fontanelles that grow together with time and fuse completely around
18 months. These fontanelles can be seen in Figure 4 where the mas-
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Figure A.4: Fontanelle‘s location [12].

toid fontanelle which is located between the occipital and parietal bones
closes around 6-8 weeks after birth and the fronal fontanelle located
between the fronal and parietal bones closes around 17th month [11].

The skull can also deform more easily when under load therefore de-
creasing the chances of fracture [9]. Because of the fontanelles, the
brain can have large motions relative to the skull. This can result in
shearing injuries of brain tissue. This can‘t happen for older children
or adults. On the other hand, fontanelles can allow a so-called escape
valve for higher values of intracranial pressure. It can be seen from
these features that it is not correct to apply rigid skull assumptions to
infants that are used to develop injury criteria for adults. Also, the dif-
ferent shape of the child‘s head at infant age makes it inappropriate to
use similar geometries to scale [9].

When considering the development of the brain, the brain is around
25% of the size in adults while the weight of a newborn is only around
5% of the body weight for adults. During the first year, half of the post-
natal growth occurs and at the end of the second year, it has attained
75% of adult size [13].

As mentioned, the brain is protected by the skull but it is also protected
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Figure A.5: The meninges protecting the brain [14].

by other layers such as scalp and meninges. The meninges divide up
into three membranous layers called dura mater, arachnoid mater and
pia mater, see Figure 5.

The dura mater is the outermost layer of these three, thick membrane
made up of collagen fibres. The arachnoid mater is directly beneath
the dura mater and encloses the cerebrospinal fluid (CSF) that is cir-
culating around the brain and the spinal cord, therefore giving the
space of the cerebronspinal fluid it‘s name, subarachnoid space. This
meningeal is thin, semi-transparent and has networks of filaments that
lie from inner surface of dura to pia mater. The pia mater is the thinnest
meningeal of the three and has small folds connected from the spinal
cord to the inside part of the dura providing lateral stability of the cord
[15].

A.2.2 Neck

The neck of humans is the portion of the body that links the head to
the shoulders and the chest and is built up of seven cervical vertebrae
(C1-C7), the disks between them and surrounding tissue. In addition,
it contains the spinal cord, carotid arteries, jugular veins, larynx, vo-
cal cords and part of the esophagus. The muscles in the neck play a
big role for breathing, swallowing and the head movement [16]. The
neck of a child gets stronger with its age and the neck muscles are
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usually not fully developed to maintain vertical position or withstand
violent head movement in children. The cervical vertebraes in infants
are mostly cartilagious and the replacement of bone instead of carti-
lage occurs slowly. The articular facets between the vertebrae are shal-
low and the neck ligaments are also weaker than in adults [13]. These
facets are oriented in a more horizontal direction than in adults and the
base of the skull, C1, C2 and C2/C3 disc differ in infants and smaller
children. The fulcrum for flexion in infants and young children is at
C2-C3, around age 5-6 at C3-C4 and in adults at C5-C6 [11].

A.2.3 Chest

The children thoracic walls are thinner than in adults and the ribs are
more elastic, therefore can lead to injuries of internal organs where
there is lack of protection by the rib cage. Becuase of the elastic feature
of the ribs, an impact to the thorax of children can produce more chest
wall deflections to vital organs such as lungs and heart. The heart is
midway between the buttock and the head in infants around the fourth
intercostal space and maintains this position until the 4th year when
the heart starts to move downward because of elongation of the thorax
and moves it‘s position to the fifth intercostal space. Up to 1 year old
the width of the heart is around 55% of the width of the chest and after
that the heart width will be around 50% of the width of the chest. The
chest is circular at birth and as the child grows the chest starts to turn
into elliptical shape. The circumference of the chest at birth is around
0.5 inches smaller than the head. When the child is around one year
old, the chest is equal to or slightly exceeds the head circumference
and after the first year, the chest has remarkably bigger diameter than
the head [11], [13].

A.2.4 Abdomen

The abdomen in humans is a body cavity located between the chest,
pelvis, spine in the back and the abdominal muscles in the front. Or-
gans of digestion and the spleen are inside this area enclosed by a
membrane called peritoneum [17]. Impact to the abdomen in infants
and children can lead to more critical injuries than for adults because
of their immature structure and developing of their body, large organs
compared to body size and lack of overlying muscles and protection
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of the skeleton. The dimensions of the abdominal area is different for
children and adults. During the first 2 years, the abdominal girth is
similar in size as the chest and after the first 2 years increment in ab-
dominal circumference at umbilical level do not keep up with the in-
crement in thoracic girth [11].

A.3 Biomechanical studies of fall injury in
children

A few studies have been made of reconstructing fall injuries. Most of
the cases involve adults but there are not so many studies considering
children. Almost all fatal fall reconstruction cases involving cildren
were done with so-called dummies with a recreated setup of the fall
case. However, attempts to use simulation softwares to reconstruct
fall injuries is moving forward.

A.3.1 Reconstruction of a fatal pediatric fall with CRABI-
18

In the article “Child ATD Reconstruction of a fatal pediatric Fall“ the
authors reconstructed a well documented fall that resulted in a fatal
head injury for a 23 month old child. The child had been playing
on a plastic gym with her brother. She climbed to the top rail above
the platform and straddled the rail where her feet were 0.7 m above
ground. She lost balance and fell on her head onto a 1 cm thick plush
carpet which covered a concrete floor. The child‘s grandmother was
wathcing the children and videotaped the fall. The authors of the arti-
cle reconstructed the fall dynamics in the laboratory and then quanti-
fied the head linear and angular accelerations by using CRABI-18 ATD
(Anthropomorphic Test Device). They chose the CRABI-18 model be-
cause it had the closest height and weight to the child of the modern
child ATD‘s available. From the recorded files, a similar play structure
was setup and two types of carpet were used in the experiment, berber
style 0.8 cm thick and plush pile 1.1 cm thick. They placed linear ac-
celerometers and angular rate sensors on the ATD‘s head and then
placed the model consistent to the position and orientation of the child
right before the fall. The model was released and the results observed.
From this study case, the average head impact criteria (HIC) was 335
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and the average peak linear acceleration was 125 g. IARVs values of
CRABI-18 had been reported by Mertz with 52 g peak head accelera-
tion and a HIC value of 440. Comparing the results of this study case,
only one test had response greater than 440 HIC. The reconstruction
showed results consistent to the linear and rotational tolerances from
the recorded information of the fall. This reconstruction case was done
to see if it‘s useful to use CRABI-18 ATD when investigating child head
injuries and if it can help to evaluate proposed IARVs for child head
injuries [18].

There are some difficulties that have slowed down the process of ob-
serving fall injuries for children. Many falls are not witnessed so it can
be hard to know exactly how the falling projection looks like. Exact
height of the fall is known in some cases but for others they are ap-
proximated [2]. To consider reconstruction data reliable, it should re-
construct the actual accident accurately and the result should be quan-
tified in useful injury metric(s). These metrics related to the child‘s
injuries and combined to other reliable reconstructions can result in
critical component to evaluate injury mechanisms and tolerance of pe-
diatrics [18].

Development of estimating injury criteria has been ongoing and al-
ready several techniques have been developed. Volunteer testing, ca-
daver testing, animal surrogates but all of these techniques have some
limitation and can‘t fully replace the mechanisms of a person. Another
technique, accident reconstruction is gaining more attention. This tech-
nique can be more useful to develop protection reference values. If ac-
cident history is well documented, the accident can be reconstructed
using dummies and the measurements from these dummies paired to
the injuries of the acutal victim. Limitations of this technique can in-
volve uncertainty of how well the researcher reproduced the accident
and the dummies used are not perfectly biofidelic so the protection ref-
erence value could only apply to the dummy in the process but could
not necessarily apply to humans. Computer models are a variation of
the reconstruction technique. Intead of using dummies a computer-
ized model of a human is used. The reliability of this technique de-
pends on how well the simulated model can mimic the characteristics
of the real victim. A problem with these human models is that they
have minimal mount of biomechanical data that can be used in com-
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puter simulations. However this technique is improving and it has
the advantage over dummy reconstruction that it can match better the
accident victim‘s physical characteristics [3].

A.3.2 Reconstruction of falls using multibody dynam-
ics

In the article “Reconstruction of real world head injury accidents re-
sulting from falls using multibody dynamics“ the researchers aim to
reconstruct real life accidents that lead to head injuries. Four falling
accidents cases that resulted in focal injuries were chosen by the Na-
tional Department of Neurosurgery at Beaumont Hospital in Dublin
where only simple falls were consdiered to make the simulation pro-
cess easier. For all four cases there were CT images available and
recorded medical examination that was done within six hours of in-
jury. At least one eye-witness explained the accident sequence for each
case and the places where the accidents happened were examined to
provide knowledge regarding the environment‘s layout, height of the
fall and the surface where the person fell. The software MADYMO or
Mathematical Dynamic Models was used to reconstruct the cases in
this research. It has the possibility to do multibody and finite element
modelling in combination and has a good database for human body
models offering different sizes of models. During modelling they tried
to create each environment as similar to the environment during each
accident case. The size of the pedestrian model was chosen as closest
to the person in the accident case as possible and placed in the recre-
ated environment in a stance the person was in right before the fall. For
each accident case, a few simulations were done with various initial
velocities to account for possible uncertainties by the eye-witness esti-
mations and simulations with alternative head contact characteristics
were also made. The results from this research showed that the multi-
body modelling method can provide important and useful informa-
tion if accurate human response data is provided for the model. To be
able to predict skull and brain injuries very accurately a good knowl-
edge regarding population of head contact characteristics is necessary,
such as age, impact location, gender and strain rate. This research did
not provide a clear tolerance for head injuries or did establish mech-
anisms for head injuries but however it proved that multibody mod-
elling for real life accidents resulting in head injuries can be used to re-
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ceive information that were usually obtained with cadaver or animal
experiments. This could be beneficial where it can sometimes be hard
to generalize results from cadaver and animal experiments to living
humans. The results from the research could also give input data pos-
sible to use in complex models of the human head, for example a finite
element model (FE) where full-field stresses, strains and strain rates
could be calculated for the brain after an impact to predict in more ac-
curate way the location and severity of the injuries after an impact [1].
There are a few experimental studies on infants and none for subadult
nonhuman primates. Extrapolation of adult data to the younger gen-
eration has been used to develop the Hybrid II/III and CRABI models
and to make standards for equipments at playgrounds. Kinematic and
nonkinematic limits are not known for the pediatric population [2].

There are multiple cadaver experimental studies for head trauma in
adults but only few experimental studies exist for head injuries in in-
fants, using human pediatric cadaveric tissue. Injury Assessment Ref-
erence Values(IARVs) for child dummies are currently based partly on
scaled animal and adult data and by reconstructing accident scenar-
ios from the real world. The importance of well-documented accident
scenarios are critical for evaluating proposed IARV values. Lack of ob-
jective evidence and sufficient documentations have led to limitations
in reconstructing fall injuries accurately [18].

There are not many reconstruction cases that have been done but the
previously mentioned research done with MADYMO was closest to
what this master thesis will aim to do, to reconstruct real life fall acci-
dents with modelling and simulations.
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Appendix B

Additional Data for the Results
Part

B.1 Illustrations of the kinematics
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Figure B.1: Kinematics for a 26-month-old boy with average velocity.
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Figure B.2: Kinematics for a 26-month-old boy with maximum velocity.
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Figure B.3: Kinematics for a 26-month-old boy with minimum velocity.
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Figure B.4: Kinematics for a 3-year-old boy.
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Figure B.5: Kinematics for a 3-year-old girl.
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Figure B.6: Kinematics for a 4-year-old boy.
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Figure B.7: Kinematics for a 6-year-old boy.
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Figure B.8: Kinematics for a 6-year-old girl.
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Figure B.9: Kinematics for a 7-year-old boy with average velocity.
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Figure B.10: Kinematics for a 7-year-old boy with maximum velocity.
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Figure B.11: Kinematics for a 7-year-old boy with minimum velocity.
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Figure B.12: Kinematics for a 8-year-old girl.
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Figure B.13: Kinematics for a 10-year-old boy with maximum velocity.
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Figure B.14: Kinematics for a 10-year-old boy with minimum velocity.
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Figure B.15: Kinematics for a 12-year-old girl with maximum velocity.
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Figure B.16: Kinematics for a 12-year-old girl with minimum velocity.
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Figure B.17: Kinematics for a 13-year-old girl with maximum velocity.
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Figure B.18: Kinematics for a 13-year-old girl with minimum velocity.
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B.2 Resulting strain in the brain

10 15 20 25 30 35 40 45 50 55 60 Strain

1

2
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4

Table B.1: 26-month-old boy, average velocity. Columns indicate timesteps in ms
and rows indicate section cuts.

10 15 20 25 30 35 40 45 50 55 60 Strain

1

2

3

4

Table B.2: 26-month-old boy, maximum velocity. Columns indicate timesteps in
ms and rows indicate section cuts.
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Table B.3: 26-month-old boy, minimum velocity. Columns indicate timesteps in ms and
rows indicate section cuts.
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Table B.4: 3-year-old boy. Columns indicate timesteps in ms and rows indicate section
cuts.
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Table B.5: 3-year-old girl. Columns indicate timesteps in ms and rows indicate
section cuts.

10 15 20 25 30 35 40 45 50 55 60 Strain

1

2

3

4

Table B.6: 4-year-old boy. Columns indicate timesteps in ms and rows indicate
section cuts.
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10 15 20 25 30 35 40 45 50 55 60 Strain

1

2

3

4

Table B.7: 6-year-old boy. Columns indicate timesteps in ms and rows indicate section
cuts.
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Table B.8: 6-year-old girl. Columns indicate timesteps in ms and rows indicate section
cuts.
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Table B.9: 7-year-old boy with average velocity. Columns indicate timesteps in
ms and rows indicate section cuts.
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Table B.10: 7-year-old boy with maximum velocity. Columns indicate timesteps
in ms and rows indicate section cuts.
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Table B.11: 7-year-old boy with minimum velocity. Columns indicate timesteps in ms
and rows indicate section cuts.
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Table B.12: 8-year-old girl. Columns indicate timesteps in ms and rows indicate section
cuts.
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Table B.13: 10-year-old boy with maximum velocity. Columns indicate timesteps in ms
and rows indicate section cuts.
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Table B.14: 10-year-old boy with minimum velocity. Columns indicate timesteps in ms
and rows indicate section cuts.
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Table B.15: 12-year-old girl with maximum velocity. Columns indicate timesteps in ms
and rows indicate section cuts.
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Table B.16: 12-year-old girl with minimum velocity. Columns indicate timesteps in ms
and rows indicate section cuts.
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Table B.17: 13-year-old girl with maximum velocity. Columns indicate timesteps in ms
and rows indicate section cuts.
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Table B.18: 13-year-old girl with minimum velocity. Columns indicate timesteps in ms
and rows indicate section cuts.
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B.3 Graphs with linear acceleration, rotational
angular acceleration and rotational an-
gular velocity

Figure B.19: Resulting accelerations for a 26-month-old boy.
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Figure B.20: Resulting accelerations for a 3-year-old boy.

Figure B.21: Resulting accelerations for a 3-year-old girl.
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Figure B.22: Resulting accelerations for a 4-year-old boy.

Figure B.23: Resulting accelerations for a 6-year-old boy.
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Figure B.24: Resulting accelerations for a 6-year-old girl.

Figure B.25: Resulting accelerations for a 7-year-old boy.
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Figure B.26: Resulting accelerations for a 8-year-old girl.
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