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Abstract
Fall-related incidents are the most common cause of injury among elderly, and may result in
hip fractures. Svein Kleiven and Hans von Holst, professors at the Royal Institute of
Technology, have developed a technology for a compliant flooring system with the
intention of reducing the peak force acting on the proximal femur during a fall. A project is
underway to make the floor commercially available, where this thesis was a part of the first
phase of the project.
The goal with this thesis was to modify a computational human body model (HBM) to
predict hip fractures when falling, using different material and geometry regarding the
flooring system. It was also to compile a set of requirements that the final product would
need to fulfill.
The human body model was validated and modified using a study where cadavers had been
tested. With the Finite Element Method (FEM), impacts were performed with the human
body model and a flooring system. Requirements regarding the flooring system were
compiled using literature studies, a study visit in a geriatric care facility and dialogues with
well-informed people.
Modifications involving contacts, material and the proximal femur were made on the
model. A total of 18 simulations were performed using different flooring systems. When
compared to rigid floor condition, all configurations showed a reduction in peak force on
the proximal femur. The maximal attenuation was calculated to 33.04%, provided by pins
with a diameter of 3 mm and with a distance of 5 mm between their midpoints.
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Sammanfattning
Fallrelaterade skador är den vanligaste orsaken för äldre att skada sig, och kan leda till
höftfrakturer. Svein Kleiven och Hans von Holst, professorer vid Kungliga Tekniska
högskolan, har utvecklat en teknologi för ett golv som ska dämpa kraften på proximala
lårbenet vid fall. Ett projekt som ska bidra till att golvet blir en kommersiellt gångbar
produkt är under förfarande. Detta examensarbete är en del av den första fasen i detta
projekt.
Målet med examensarbetet var att förfina en beräkningsmodell för kroppen för att
prediktera höftfrakturer vid fall på golv med olika geometrier och material. Målet var även
att sammanställa krav som finns angående ett dämpande golv.
Beräkningsmodellen validerades och modifierades med hjälp av en studie där kadaver
användes. Fall mot golvet simulerades med hjälp av finita elementmetoden. Med hjälp av
litteraturstudier, studiebesök och samtal samlades information in angående krav som ställs
på ett golv.
Modifikationer som gjordes på humanmodellen berörde kontakter, material och proximala
lårbenet. Totalt utfördes 18 simuleringar där olika golvstruktur användes. Vid jämförelse
med ett stelt golv påvisade samtliga golvstrukturer en reduktion av den maximala kraften på
det proximala lårbenet. Den högst uppnådda dämpningen beräknades till 33.04%, vilket
uppnåddes med piggar innehavande en diameter av 3 mm och ett avstånd av 5 mm mellan
piggarnas mittpunkter.
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1. Introduction
Fall and fall-related injuries among elderly have become a public health issue, and is the
most common factor among elderly getting harmed. With increasing age, functions such as
muscle strength, reaction time, balance and vision decrease, resulting in a higher risk of
being involved in a fall-related accident. [1]
The outcome of a fall can be serious and result in injuries such as severe fractures, brain
injuries and soft tissue damage and, according to the Swedish Civil Contingencies Agency
(Myndigheten för samhällsskydd och beredskap), more than four elderly people die as a
result of a fall every day. [2] The most common serious consequence of a fall is a hip
fracture. [1] In Sweden alone, about 18 000 hip fractures occur annually, which correspond
to 49 fractures every day. Of these, over 95% are caused by falls. Most patients obtaining a
hip fracture are over 65 years of age which influence the recovery-period. After surgery,
50% of the patients never recover completely, and the mortality is high as it is hard to
recover from the surgery. [3]
Besides the personal traumas and the effect on one’s personal life, fall and fall-related
injuries cost the society a large amount of money every year. According to the Swedish Civil
Contingencies Agency, the total cost of fall-related injuries in Sweden reached 22 billion
SEK during 2005. Of these, falls among elderly amounted to about 42%. [2] A normal hip
fracture cost approximately a quarter of a million SEK. [4]
As the population ages, the problem with fall-related injuries are presumed to rise
significantly. [5] The number of hip fracture worldwide was 1.66 million in 1990 and,
according to projections; this number will increase to 6.26 million by 2050. [6] Therefore,
actions have to be taken to keep the numbers down.
Svein Kleiven and Hans von Holst, professors at the department of Neuronics at the Royal
Institute of Technology, have, with support from the foundation Flemingsberg Science,
developed a patent technology on a flooring system. The flooring system aims to reduce
fall-related injuries by diminishing the damaging effects caused by falls and, hopefully,
reduce the occurrence of hip-fractures. A project sponsored by Vinnova, an innovation
agency in Sweden, is under process with the goal of making the floor a commercially
available product. The running time for the Vinnova-project is planned between 2013 and
2016 with four subphases, where this master thesis was a part of the first phase.
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1.1

Goals of the Project

The purpose of this master thesis was to:
-

Compile requirements stated on a compliant flooring system within the geriatric
care, with focus on the Swedish market.

-

Use and modify a computational human body model in order to perform
biomechanical simulations to predict hip fractures.

-

With the use of the human body model, study different material and geometry
properties regarding the flooring system and their effect on the proximal femur.

2

2. Background
The background-section provides further information regarding the flooring system and
the Vinnova-project, which this thesis took part in. Alternatives methods of preventing
falls today are also included.

2.1

The Flooring System

The innovative solution is based on a construction with an inner and an outer shell. The
shells are separated by thin pins and can move relative each other. The pins are constructed
to be flexible and shock-absorbing. In the original state, the pins are straight, but if
something heavy falls on the floor, as when a body falls, the pins buckle and reduce the
impact. For this purpose, the pins must be made of a flexible polymer material, such as
rubber, plastic or fibers. [7] An early prototype of the flooring system can be seen in Figure
2.1.

Figure 2.1 Prototype of the flooring system

The target group of the flooring system is primarily within the geriatric care. The pins are
intended to integrate with a surface layer appropriate for the relevant department. Possible
overlying floors are for example homogenous vinyl, reinforced vinyl, plastic, linoleum and
rubber floor.

2.2

The Vinnova Project

Vinnova, an innovation agency in Sweden, runs programs to strengthen the power of
innovation by, among other things, funding research. During the running time for this
project, Vinnova contributes with funding during four phases so as to make the floor a
commercial, marketable product.
Lennart Almstedt, a consultant in business development at Facesso AB, is the project
manager. Furthermore, besides Svein Kleiven and Hans von Holst, the core group of the
project also consists of Martin Holmgren from Flemingsberg Science and the Swedish
flooring company Ehrenborg. Two geriatric care facilities; Stureby and Rågsved, and the
real estate concern Micasa, have showed great interest and will in the future allow for a
floor to be tested on their premises.
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2.3

Existing Ways to Prevent Falls Today

In areas where patients have an increased risk of falling, routines for fall prevention must
be in place. The procedures should include both medical procedures and nursing activities.
To minimize the risk of a fall occurring, walking aids can be used. Controlling medication
and optimizing the planning of rooms and placement of furniture can also prevent the risk
of falling. [8] Even so, it is hard to eliminate falls from happening at al, and interventions
have to be made to reduce the risk of a fracture when falling. This can be achieved by
strengthening the bones via prevention and treatment of osteoporosis, which is
predominantly done via medication and exercise. [9] Other ways to do this is by using hip
protectors or compliant flooring systems, which are further described below.

Hip Protectors
Hip protectors are a common strategy to reduce the femoral impact force and prevent a hip
fracture of occurring. [10] Different kinds of hip protectors are available and, normally,
they consist of a hard or a soft shell embedded in the undergarment. [11] The hard hip
protectors operate to deflect the force from the greater trochanter to the surrounding soft
tissues, while the soft protectors are designed to absorb the impact. [12] However, results
from clinical studies have showed conflicting results on the clinical effectiveness of hip
protectors, depending on the fact that many elderly do not use the device, as well as lack of
accepted techniques to measure the biomechanical performance of hip protectors. [10] [12]
Furthermore, when designing a hip protector, a compromise has to be made between
selecting a pad thick enough to provide reasonable force attenuation, but still not so thick
that it affects the wearer in a negative way. Studies have showed that it is of great
importance that the hip protectors fit and is placed in a correct way to fully help. Hip
protectors may be misplaced from the intended position by for example deficiency of
understanding by the user or by shifting of the garment during use. [10]

Compliant Flooring System
A previous study by Laing and Robinovitch [13], using a hip impact simulator, showed that
the type of flooring system played an important role in falls, as it can reduce the force on
the proximal femur. In contrast to hip protectors, a flooring system provides uniform
protection to everyone and also protects against injuries to other parts of the body, such as
the head. [14]
Two variants of compliant flooring system available on the market today are KradalTM
flooring tiles and SmartCells. KradalTM is a company from New Zeeland and the flooring
tiles uses a polyurethane technology, formulated to blend unique material properties.
According to KradalTM each tile consists of thousands of micro-spheres for optimum
cushioning on impact. [15] SmartCells is an American company whose flooring system
consists of cylindrical rubber cells that compress as force is applied. [16]

4

2.4

Fall-Related Fact

From a résumé, made by the Swedish Civil Contingencies Agency, it was concluded that
people living in homes for elderly is more likely to fall than elderly in regular homes. A
contributing factor is that people in geriatric care have impaired health status and often
suffer from dementia, contributing to a high risk of falls and fall-related injuries. The
résumé states that approximately two out of three people in elderly care fall every year, of
which more than half fall more frequently than once. The highest risk of falling and
incurring a fracture are the months after moving in to a geriatric care facility. A new
environment can be challenging as the elderly are not accustomed to the furniture and the
interior design. Studies have also shown that falls commony occur indoors, where the most
common places are the individual´s own bedroom and the bathroom. Finally, the majority
of falls occurs in the evening or early morning. [17]

5

6

3. Theory
This section gives the reader a theoretical summary of the anatomy and biomechanics of
the hip, and explains different parameters involved during a fall. It also includes basics in
solid mechanics, the Finite Element Method (FEM) and the Total Human Model for Safety
(THUMS).

3.1

Anatomy and Biomechanics of the Hip

The hip joint connects the lower extremities to the pelvis and is unique in an anatomical
and physiological way. The hip joint consists of a ball and a socket joint, where the ball is
referred to as the femoral head and is located at the top of the femur while the socket is
referred to as acetabulum and is part of the pelvis (see Figure 3.1). The joint is surrounded by
skeletal muscle and ligament which makes the joint stable. [18] Between the femoral head
and the acetabulum, a layer of articular cartilage is positioned. This cushions the ends of the
bones and allows easy movement of the joint. [19] The articular cartilage is thickest on the
upper area where the major weight bearing site is and thinnest toward the lower area. [18]

Figure 3.1 Anatomy of the hip. Figure adapted from [20].

The femoral head is connected to the femur via the femoral neck. With the greater and
lesser trochanter they form the proximal femur, which is the upper part of the femur. [18]
The length of the femoral neck is approximately five centimeters but this can vary slightly
between individuals. The femoral neck forms an angle with the shaft of the femur in the
frontal plane. The angle is approximately 125 degrees in an adult but can vary between
individuals with five degrees. [18]
The hip is able to move in three degrees of freedom where motion occurs in the sagittal
plane, the frontal plane and the transverse plane. In the sagittal plane flexion and extension
7

occur, in the frontal plane abduction and adduction occur and in the transvers plane medial
and lateral rotation occur. [18] The three planes intersect at the center of the femoral head.
[21]
The proximal femur is a complex structure where the outer shell of the bone is made of
cortical bone and the inner area consists of trabecular bone of varying density. [22]. The
patterns of the trabecular bone are structured to resist the forces of tension and
compression that occur at the hip joint. [18] When standing or during gait, the proximal
femur is able to withstand higher loads than during a fall on the greater trochanter. This is
due to the magnitude and behavior of the stresses that influence the femoral neck during
the two different cases. During gait, compressive stresses are concentrated at the inferior
surface of the femoral neck, while the superior surface is exposed to a smaller tensile stress.
In contrast, during impact from a sideways fall on the greater trochanter, large compressive
stresses are developed in the superior surface and small tensile stresses occurs at the
inferior surface. [22] [23]

Osteoporosis
Bone is constantly being renewed as osteoclasts and osteoblast break down respectively
built up bone. As a part of the ageing process, bone loss increases. [24] The most common
metabolic bone disorder is osteoporosis, which is characterized by decreased bone mineral
density (BMD). A diminished BMD results in a weak body skeleton where the bones
become more fragile which increases the risk of a fracture. [18] Except for age, the disease
is associated with inactivity and gender. In general, osteoporosis is more common among
women than men. This is because women in general have a lower BMD, but also because
the breakdown of bone increases after menopause. In Sweden, approximately one in three
women and one in six men suffers from osteoporosis when they are seventy years old. [25]
To evaluate BMD, a dual-energy x-ray absorptiometry (DXA) is used. [26] From an
admeasurement with a DXA, two results are given; T-score and Z-score. T-score is used to
classify the degree of osteoporosis and states the number of standard deviations from the
peak bone mass within the same gender. Peak bone mass is a measure of the maximum
body mass density that people have during a lifetime. Z-score states the number of
standard deviations from the average in the same age and gender. A T-score between -1 to
-2.5 indicates that a person suffers from osteopenia, which is a precursor to osteoporosis,
while a T-score less than or equal to -2.5 indicates osteoporosis. [27]

3.2

Hip Fractures

In general, a hip fracture is defined as a fracture that occurs at the proximal femur. [18] The
most common is that the bone fracture at the femur neck, called a cervical hip fracture, or
at the upper part of the femur where the muscle connects, called a trochanteric hip fracture.
[28]
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Hip fractures occur if the force applied to the bone exceeds the bone´s capacity to bear
load [29] and can occur either spontaneously or as a result of a fall or a situation where load
is applied to the bone. [30] Spontaneously hip fractures are, however, quite unusual [30]
and the majority of hip fractures occur as a result of a fall on the greater trochanter. [31]
Not every fall leads to a hip fracture and how much force the femoral neck tolerates before
a fracture occurs, i.e. the failure load, is individual and depends on the mechanical
properties within the bone. The mechanical properties are influenced by a number of
factors such as density, microstructure, and morphology. These factors change throughout
life and especially with aging and disease. [32]

3.3

To Estimate Failure Load

To estimate the failure load of proximal femur during a fall on the greater trochanter, in
vitro studies using cadaveric femora are conducted, in which relevant loads are applied until
fracture occurs. A force-time curve is then achieved, where the fracture load is defined as
the first peak force measured. As the failure load varies between different loading
conditions, it is important that impact loading imitate the same loading conditions as
during a real fall. [32]
A common testing figuration is shown in Figure 3.2. The cadaveric femur is here positioned
in the testing device as to simulate a fall on the greater trochanter with the typical position
of the body at the time of impact. The loading configuration has been taken from
experimental falls that have showed typical positions of the body at the time of impact. The
femoral shaft is positioned ten degrees from horizontal plane and the femoral neck is
internally rotated 15 degrees relative to vertical. The femoral shaft is free to slide and rotate
but is fixed distally. [33]

Figure 3.2 Mechanical test loading configuration. Figure adapted from [33].

From a cadaver study conducted by Courtney et al. [34], using the mentioned testing
device, it can be seen that the failure load between young people and elderly in general
varies a great deal (see Figure 3.3). The study shows that for young people, a force of
9

7 200 1 090 N is required to achieve a fracture while in an old person, a fracture may
occur at only 3 440 1 330 N.
9000

Fracture Load (N)

8000
7000
6000
5000
4000
3000
2000
1000
0
Younger

Older

Figure 3.3 Results of the mean fracture load for the proximal femur tested in a fall-loading
configuration. Mean age of older people are seventy-four and mean age for younger people are
thirty-three year old. The bars represent the standard deviation. Figure adapted from [34].

3.4

Parameters Influencing a Fall

Whether the load applied to the hip during a fall reaches the failure load of proximal femur
and, consequently, casuses a fracture on the hip, depends on a variety of factors such as the
impact velocity, floor covering and the direction of the fall. [29] Furthermore, the extent of
soft tissue overlying the hip and protective responses of the falling person, such as the
ability of an individual to protect themselves with a hand, are other factors that affect the
load applied on the proximal femur during a fall. [29]
In a study by Parkkari et.al. [31] made to characterize how hip fracture patients fall, it was
concluded that 76% of the patients landed directly to the side, while 12% fell obliquely
backwards and 8% directly or obliquely forward. According to the study, 81% of the hip
fracture patients experienced the main impact on the greater trochanter. Characteristics of
the fall were determined by personal interviews with the faller and with any witnesses. As
falling to the side, Sabick et al. [35] showed that impact occurs first at the hip and then at
the shoulder, resulting in a biomodal force curve.
The impact velocity, i.e. the velocity the body has gained as it impacts the floor during a fall,
has been evaluated in previous studies. According to one study among young adults, the
estimated hip impact velocity in a fall from standing height was 3.17 0.47 m/s, where no
significant differences could be seen between standing or walking. Furthermore, the study
showed that people were not able to break the falls with an outstretched arm, despite
instructions. [36] According to another study, the impact velocity was determined to
3.01 0.83 m/s. [37]
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3.5

Basics in Solid Mechanics

As a force is applied to a solid material, the material can generally respond in three different
ways; they can behave elastic, plastic or they can fracture. The response of the material
depends on the sort of material as well as the amount of force. A material that temporarily
changes shape, but returns to the original shape as the pressure is removed, is said to
behave elastically. As a material respond plastically, the material permanently changes
shape as a force is applied and will, consequently, not return to the original shape when the
force is removed. As a material splits into two or more pieces during applied load, it is
called fracture.
In solid mechanics, some basic concepts are used. To begin with, normal stress, denoted by
the Greek letter sigma (σ), acts perpendicular to the selected plane and is described as the
force (F) in a material per unit area (A) (see Equation (1)). In SI metric units, F is expressed
in Newtons (N) and A is expressed in square meters (m2) whereby stress has the unit
[N/m2] or [Pa]. [38]

Furthermore, strain, denoted by the Greek letter epsilon (Ԑ), is defined as the normal
deformation (δ) divided by the original length (L) (see Equation (2)). As strain is a ratio of
two lengths, it is dimensionless. [38]

To gain information about the properties of the material, Young´s modulus (E) is used.
Young´s modulus has the unit [N/m2] or [Pa] and is a measure of the stiffness of a material.
Young´s modulus is defined as the ratio between stress and strain and the relation is also
called Hooke´s law (see Equation (3)). Hooke’s law is only valid for linear-elastic materials,
meaning that the equation only can be used under the assumption of elastic and linear
response of the material as load is applied. [38]

Another constant used is Poissons ratio, denoted by the Greek letter nu (ν), which is a
measure of Poisson effect. Poisson effect describes that as material is compressed in one
direction, it usually tends to expand in the direction perpendicular to the direction of
compression. Equation (4) states that the compression in one direction (transversal) is
proportional to the expansion in the other direction (axial). [38] Poisons ratio is
approximately 0.3 for metals, 0.35 for polymers and 0.5 for elastomer. [39]
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In some materials, it is convenient to measure the hardness of the material. Hardness is a
measure of a material´s ability to resist deformation and can be measured in various ways.
To measure hardness in materials such as polymers, elastomers and rubbers, a shore
durometer is normally used. [40] Different scales of durometer are used for materials with
different properties, where the most common are ASTM D2240 type A and type D, for
softer and harder materials, respectively. The values of hardness go from zero, representing
the softest materials, to 100, representing the hardest materials. [41]
A relation between the ASTM D2240 hardness and the Young´s modulus for elastomers
has been derived, which can be seen in Equation (5). The calculation allows an
approximation of Young´s modulus, where E is Young´s modulus in the unit [MPa] and S
is the ASTM D2240 type A hardness, also referred to as shore-hardness or shore. [42]

3.6

Finite Element Method

The finite element method (FEM) is a numerical method for solving problems of
engineering and mathematical physics. The method is useful when solving problems with
complicated geometries, loadings or material properties, where analytical solutions cannot
be obtained. FEM was initially developed in the middle of the 1950s, but have evolved
tremendously ever since. An important factor for the great progress has been the
development of more powerful computers as the method requires considerable
computation. Today; the use of FEM is widespread in areas such as crash analysis, fatigue,
flows and biomechanics. [43]
In FEM, the model is divided into smaller pieces, finite elements, which are connected to
each other in discrete points, called nodes. The nodes have unique locations and properties,
enabling analysis of every single node. The size of the elements depends on the problem
analyzed and, theoretically, an object can be divided into as many elements as required. The
complete entity of elements and nodes is referred to as a mesh. In this way, large and
complex systems are split into smaller systems that are easier to solve, illustrated in Figure
3.4. [43]

Figure 3.4 Illustration of a mesh-generation with elements and nodes.

As the mesh gets denser, i.e. the size of the elements gets smaller; the analysis becomes
more complex as there are more elements and nodes to be taken into account, contributing
12

to additional calculations to solve the problem. Hence, a tradeoff has to be made between
calculation time and the accuracy of the solution. [43]
Basic elements in FEM are beam element, shell element and solid element. A beam element
is formed out of two nodes while a shell element is formed out of three or four nodes. In
the same way, a solid element is formed out of at least four nodes (see Figure 3.5). [44]

Figure 3.5 Basic elements in FEM. Figure adapted from [44].

When generating meshes, it is important to evaluate how the elements look like as the
shape of an element may influence the results of a simulation. Two different criteria that
contribute to the mesh quality are mesh skewness and mesh aspect ratio. Mesh skewness
determines how big the difference is from an ideal element, meaning that the angles are 90
and 60 degrees for a square respective a triangle, and states that the angles should not be
too large or small. Moreover, mesh aspect ratio means the ratio between the longest and the
shortest edge length which should, ideally, be equal to one to ensure the best results. [45]
When evaluating a mesh, hourglass energy may provide an indicator of non-realistic
behavior. Hourglass modes are zero-energy, nonphysical modes of deformation that
produce zero strain and no stress. Hourglass modes occur in solids, shells and thick shell
elements that are under-integrated, meaning that only a single integration point exists.
Because of this, the element can shear without introducing any energy. [46] FEM counters
this by introducing hourglass energy, where high hourglass energy may imply issues with
the mesh. A rule of thumb states that the hourglass energy should be less than 10% of the
internal energy. In order to diminishing hourglass energy, a more refined mesh is needed.
[47] To fully eliminate hourglass energy, it is possible to change to element formulations
with fully-integrated or selectively reduced integration. These are, however, more unstable
in large deformation applications, of why not always preferable. [46]
When modeling different materials in programs using FEM, it is beneficial to know the
properties of the material being modeled. Common materials, such as steel, carbon fibers
and aluminum, are generally considered to behave linear-elastic, whereby Hooke’s law can
be applied. [38] In contrast, for some materials, the relationship between stress and strain is
not linear, whereby Hooke’s law do not accurately describe the behavior of the material.
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These kinds of materials can be defined as non-linearly elastic materials and include rubber
and biological material. [48] When modeling elastic responses of these kinds of materials,
hyperelastic material models are often used, especially if the material is subjected to high
strains. Some common hyperelastic material models are the Mooney-Rivlin model and the
Ogden model. [49] [50]
Several different programs using FEM are available today. One of them is LS-DYNA,
which was developed by Livermore Software Technology Corporation (LSTC). LS-DYNA
is a dynamic program, capable of simulating real problems. It is used for analyzing
nonlinear, dynamic response from three-dimensional structures, such as automotive
crashes. [51]

3.7

Total Human Model for Safety

The Total Human Model for Safety (THUMS) is a human body model (HBM) developed
by Toyota Motor Corporation and Toyota Central Research and Development Labs., Inc.
THUMS is a computational model that uses FEM to simulate motions and stress or strain
distributions on the human body, and was designed to estimate human behavior during
impact. Biomechanical properties and anatomical geometry data such as the flexibility of
the skin and the stiffness of the bone are reproduced in the model which makes detailed
investigations possible. [52] As a body is subjected to loads in three dimensions, a
three-dimensional system of stresses is developed. This means that at every point within
the body, stresses act in different directions. One common method of calculating the
equivalent stress with respect to stresses in all directions is called the von Mises stress [53],
and can be evaluated in THUMS.
Different commercially available versions of THUMS available today include version 1.4,
version 3.0 and version 4. The two earlier versions, 1.4 and 3.0, are similarly built where
geometry and material properties are mostly based on literature data, and simple material
such as elastic, elastic-plastic and viscoelastic are used. The difference is that version 3.0 has
a more developed head and brain than version1.4. Version 4 is, however, a completely new
model where geometry is entirely obtained from medical high-resolution CT-scans,
resulting in a more detailed model overall. [54]
THUMS are modeled in either a standing position, representing a pedestrian, or in a sitting
position, representing an occupant of a vehicle. [55] Different parts of the body are
simulated with different element types. In general, muscles and tendons are constructed by
beam elements, cortical bone and ligaments are constructed by shell elements, while
spongy bones, discs, internal organs and the brain are constructed by solid elements.
Almost every bone in THUMS has a spongy core surrounded by stiffer cortical bone.
Version 1.4 is modeled with over 80 000 elements and an overview of THUMS, version
1.4, can be seen in Figure 3.6. [52] The buttock in THUMS version 1.4 includes iliac bone,
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sacrum, buttock, pubic bone and ligaments of the hip joints. The different ligaments
connecting the proximal femur to the acetabulum are modeled as one single ligament. [52]

Figure 3.6 Composition of the whole body in THUMS, version 1.4. Figure reproduced from [52].

A detailed view and nomenclature of the hip with essential parts can be seen in Figure 3.7.

Figure 3.7 Anatomy and nomenclature of the hip used in THUMS.
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4. Methodology
The methodology-section states the methods used in the thesis and describes further
details of what has been performed. The section is divided into two parts; compilation of
requirements and modeling and simulation, representing the overall goals of the project.

4.1

Compilation of Requirements

For the purpose of compiling a set of requirement for a compliant flooring system, several
methods have been used to gather relevant information regarding relevant parts of the
compilation. Focus has been the Swedish market. Except for the methods stated below,
meetings have been held regularly with the core group of the Vinnova-project (see Section
2.2). During the meetings, relevant questions and information regarding the floor have
been shared and discussed. The question of cost was not included in the compilation of
requirement, as this question is treated separately in the Vinnova-project.

4.1.1

Dialogues

To develop a floor that meets the requirements that exist on the market today, dialogues
have been held with relevant and well-informed people. To achieve a wide perspective,
people with different backgrounds and professions were contacted. Dialogues have been
held via telephone, e-mail and personally. All kind of relevant information has been
considered. Different actors that have been contacted are the following:
Flooring Companies
-

Ehrenborg. Ehrenborg is a flooring company located in Sweden with extensive
experience of quality flooring in public and commercial environments. Ehrenborg
is involved in the Vinnova-project and have contributed with great expertise in this
area.

Geriatric care
-

Stureby vård- och omsorgsboende. Stureby vård- och omsorgsboende is involved in the
Vinnova-project and is a geriatric care facility located in Stureby, Stockholm.
Monika Bergstedt, a physiotherapist at Stureby, has great interest in fall and
fall-related injuries and possesses wide knowledge regarding fall-related injuries and
what is required of a flooring system to help prevent them.

-

Nacka seniorcenter Sjötäppan. Nacka seniorcenter Sjötäppan is a geriatric care facility
located in Nacka. Nacka County has the goal to be a safe and secure environment
and a prioritized area today is to work for increased security among elderly. There
has been ongoing communication with Nathalie Skantz, a physiotherapist at the
center, who has contributed with information and advice from a healthcare and
rehabilitation perspective.
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Real estate concerns
-

Micasa Fastigheter i Stockholm AB. Micasa is a real estate concern that owns and
manages care residences in Stockholm. Except for care residences, Micasa also
owns and manages a range of senior residences, sheltered housing and student
residences. Micasa is involved in the Vinnova-project and has contributed with their
knowledge surrounding floors and flooring requirements for the purpose of this
thesis.

-

Locum AB. Locum AB is owned by the Stockholm County Council and manage
properties within the county on their behalf, predominantly hospitals. Their
commitment includes implementing new project, reconstruction project and
extension projects. The purpose of consulting Locum AB was to gain information
and perspective from a large real estate company operating in Stockholm. More
specifically, it was to gather information surrounding what flooring requirements
and specifications exist currently, and what such a company demands of flooring
systems when they choose new products.

Other parts
-

Byggvarubedömningen. Byggvarubedömningen is a system for environmental
assessment of building products where judgment is made based on criteria that
evaluate both interior properties of substances, but also the life cycle impact of the
product. The product can, according to Byggvarubedömningen, be assessed as
"Recommended", "Acceptable" or "To be avoided". This company was contacted
in order to understand and clarify the differences between the valuations and to
understand what the requirements are to pass their assessments.

-

Peab Bostadsproduktion AB. Peab is one of the leading building and construction
companies in Scandinavia. Peab uses the classification system “miljöbyggnad” in
their productions. Miljöbyggnad is a certification system modeled for Swedish
conditions where buildings can achieve the grade bronze, silver or gold. Madeleine
Wåland, environmental coordinator at Peab, was contacted to get information
regarding the classification system and the requirements for the different levels.

4.1.2

Literature Study

As the flooring system intends to reduce the number of hip-fractures, it is necessary to
understand the amount of force the proximal femur tolerates before fracture occurs. As
described in Section 3.3, this can vary between individuals. To gain data to determine a
reasonable estimation of the failure load of proximal femur, a literature study was
conducted with the intension to compile studies where this factor has been examined. Only
studies concentrating on elderly, and the simulation of a fall on the greater trochanter, were
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of interest. Studies using younger cadavers were excluded. No distinction has been made
between different kinds of hip fractures.
Relevant studies were mainly sought from the database PubMed, KTH Primo and Google
scholar. Keywords that were applied were: failure load, hip fracture, hip region, femoral
neck, sideways fall, osteoporosis, falls, force, femur, hip, bone strength and femoral
strength. Studies were also found as the program recommended other scientific papers
when a study was downloaded.

4.1.3

Study Visit

A study visit was made at the Stureby geriatric care facility in Stockholm, with the intention
of gathering information regarding aids on wheels. As the floor must meet requirements
for daily activities that take place in geriatric care, it was of interest to collect data of
different kinds of aids that must be able to move easily on the floor. It was important to
establish how much fore the floor has to be able to withstand per unit area, without
becoming too soft when a device is moved across it. The focus was on aids that have to be
able to move frequently and easy.
Five different devices were selected; three mobile lifts, one wheelchair and a device used for
transporting food. To calculate how much force per unit area these aids exerted,
measurements regarding the wheels were performed. Distances measured were the
diameter of the wheels, the thickness of the wheel and how big the area of the wheel that
touched the floor was. A notification was also made whether the device had double wheels
or single wheels.
The measurements were performed with a measuring device with distances of 1 mm. As
the contact with the floor was measured, two pieces of paper were interposed from
opposite sides of the wheel until it was not possible to move them any further. The
distances between the two papers were then measured. Further information required for
the calculations was found in the instruction manuals for each respective device. The
weight of the device as well as the maximal load it could carry was noted.
When calculating the force per unit area, maximal weight was assumed. Furthermore, the
assumption was made that the weight carried was distributed equally between the front and
back wheels of the device.

4.2

Modeling and Simulation

To simulate an impact, illustrating a human falling on a floor, the simulation-program
LS-Dyna was used. The simulation consisted of a Total Human Model for Safety
(THUMS), representing a human, and a flooring system, representing the floor. This was
done to determine how much force the proximal femur is exposed to during impact with
different types of flooring systems. To achieve good and reliable results, focus has been on
the development and improvements of the different parts.
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4.2.1

Total Human Model for Safety

THUMS used in the thesis was AM50 Pedestrian Model: Version
1.4. This model represents a male between 30 and 40 years old
with a height of 1 750 mm and a weight of 77 kg. THUMS is
positioned in standing position, with the arms anterior to the
body and the right foot slightly posterior to the left foot, as can
be seen in Figure 4.1.To achieve reliable results from the
simulations, it is important that the model is sufficiently realistic
with respect to design and characteristics. As this model in
general was not made for impacts on the hip, this region was
studied and contacts and materials were controlled and modified.
4.2.1.1
Validation of THUMS
Validation of THUMS was performed so as to make sure that the
model, with focus on the hip-region, behaves in a realistic way.

Figure 4.1 Initial
position of THUMS
To validate THUMS, a study conducted by Viano [56] was used. In with coordinate
the study, cadavers with different properties regarding sex, age and system.

body measurements were exposed to lateral impacts by a
pendulum with different initial velocities. Each impact was
referred to as a run and the same cadaver were sometimes exposed
to several runs. A further description of the study by Viano can be
seen in Appendix A.
To illustrate the experiment in LS-Dyna, a cylinder with a diameter
of 150 mm and a weight of 23.4 kg was made. The cylinder
consisted of rigid material and had rotational constraints in y- and
z- directions. The cylinder was positioned centered of the greater
trochanter and was given initial velocities in negative x-direction.
Data was created every 2 ms, and the total simulation time was set
to 60 ms. The setup can be seen in Figure 4.2.
In the study conducted by Viano, three different runs,
representing two different cadavers, were illustrated in a graph.
The runs were referred to as run 21, 25 respective 26 and had
comparable body measurements to THUMS. Run 25 and 26 was
performed on the same cadaver. The graph and properties of the Figure 4.2 Simulated
runs can be seen in Appendix A. To mimic these runs, simulations setup with a cylinder
were performed with initial velocities of 5.1 m/s and 5.3 m/s. The and THUMS with
coordinate system.
contact force between the cylinder and the buttock was examined
in the simulations, and the results were compared to the graph and the peak force, acting on
the hip, from the study.
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4.2.1.2
Modifications of THUMS
Initially, a simulation with an initial velocity of 5.1 m/s was performed. Based on the result
in section 5.2.1, this version of THUMS did not accurately correspond to the cadavers. In
order for THUMS to behave in a more realistic way, modifications were made.
Modifications proceeded from the validation study as well as assessment of the internal
parts of THUMS. Parts that were examined were:
-

Excising contacts concerning the hip, and how they were implemented.
How THUMS behaved during impact in the view of different parts.
The material of the buttock.

To understand the biomechanics within the body as impact occurred from the cylinder,
THUMS was investigated using von Mises stress. The modified THUMS were also
evaluated via the contacts concerning the hip.

4.2.2

Modeling of the Flooring System

The composition of the flooring system was simulated by three parts (see Figure 4.3):
-

An inner layer, representing the ground floor.
A pin-structure. The pin-structure was composed of the pins and a surface layer.
An outer layer, representing the overlying floor.

The inner layer was constrained in x-, y- and z- displacements. In order for the overlying
floor not to be able to move away from the ground floor during impact, rigid edges,
surrounding the floor, were created. Furthermore, the pins are supposed to be glued
together with the ground floor, as these two parts were merged together.

Figure 4.3 Illustration of the composition of the flooring system, using solid elements, with
relevant distances inserted

21

4.2.2.1
Geometry Properties of the Flooring System
The geometry properties of the flooring system was consulted with the flooring company
Ehrenborg (see Section 4.1.1) to achieve realistic measurements, appropriate for restorations
of buildings and new constructions.
Parameters that received constant properties were:
-

The thickness of the overlying floor, h1 (see Figure 4.3). The thickness of the
overlying floor was set to 2 mm, a standard measure of common floors.
The thickness of the surface layer of the pins, h2 (see Figure 4.3). The thickness of
the surface layer was set to 2 mm, a minimum thickness when molding the pins.
The distance between the pins, d2 (see Figure 4.3). The distance between the centers
of the pins was set to 5 mm.

Parameters that received varying properties were:
-

The height of the pins, h3 (see Figure 4.3). Three heights; 10 mm, 14 mm respective
20 mm, were used in the simulations.
The diameter of the pins, d1 (see Figure 4.3). Two diameters; 2mm respective 3mm,
were used in the simulations.

As these measurements were used, the flooring system constitute of a total height of
14mm, 18mm and 24 mm.
4.2.2.2
Material Properties of the Flooring System
A literature study was performed to gather data regarding parameters for the flooring
system. A pin-structure of a rubber material, such as ethylene propylene diene monomer
rubber (EPDM-rubber), and an overlying material of plastic, was used. Research was
mainly done in the scientific database ScienceDirect, PubMed, and with the use of the site
MatWeb, a source for material information.
The material of the ground floor was simulated with a rigid material, whose parameters
were constant. Parameters to be set for the rigid material were: density, Young´s modulus
and Poisson´s ratio (see Table 4.1).
The material of the pin-structure was simulated by the hyperelastic material model
Mooney-Rivlin. This material was chosen as the pins were presumed to be constructed of a
non-linear material, and are exposed to large strains. Parameters to be set for
Mooney-Rivlin material were density, Poisson´s ratio and two parameters: A and B. For
rubber-material, parameters are given in shore (see Section 3.5). Three values of shore were
chosen; 48, 55, and 66, providing a wide range of hardness. In Table 4.2, the shore is
recalculated to the parameters A and B [57] [58], required for the Mooney-Rivlin model.
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The material of the overlying floor was simulated with an elastic material. Parameters to be
set for an elastic material were: density, Young´s modulus and Poisson´s ratio. Young´s
modulus are generally not given in descriptions regarding different kinds of flooring
materials, and a large dissipation existed between the ranges of values regarding Young’s
modulus of different plastic materials. Hence, three different values of Young´s modulus
were tested on one configuration of a flooring system, in order to evaluate the influence of
the overlying floor. Chosen values were 0.5 GPa, 1.5 GPa, and 3 GPa. The flooring system
tested had a pin-diameter of 3 mm, a height of 20 mm and a shore of 48. Based on the result
in Section 5.2.2, a value of 1.5 GPa was chosen for forthcoming simulations.
Table 4.1 Parameters for overlying floor and ground floor.

Material
Overlying floor
Ground floor

Elastic material
Rigid

Density
[kg/m3]
1.5*103
2.5793*103

Young´s modulus
[GPa]
1.5
2.1

Poisson´s ratio
0.35
0.30

Table 4.2 Values of A and B for material model Mooney-Rivlin.

Shore
48
55
66

A [GPa]
2.466*10-4
3.228*10-4
4.944*10-4

B [GPa]
2.836*10-4
3.712*10-4
5.685*10-4

4.2.2.3
Construction of the Pins
When developing a flooring system, two different configurations of pins were constructed
and tested; pins made of beam elements and pins made of solid elements. Simulations were
performed with the different configurations to evaluate the construction provided the best
solution, but also with consideration to the time aspect. When the pins were constructed of
solid elements, two different meshes were tested, which can be seen in Figure 4.4. With the
intention of testing the configurations and evaluating the differences, a flooring system
with the measurements of a pin-diameter of 3 mm, a height of 20 mm, and a shore of 48,
was used. The flooring system was tested with both reduced integration as well as fully
integration of the pins.
Longitudinally, the pins were divided in sections of 2 mm, meaning that the pins of 10 mm
were divided in five sections, the pins of 14 mm were divided in seven sections and the pins
of 20 mm were divided in ten sections.

23

Figure 4.4 Two meshes that were tested when constructing the pins of solid elements a) refined
mesh b) coarse mesh

4.2.2.4
Estimation of the Flooring System
As an impact occurs, it is of importance that the pins behave in a realistic way. To estimate
the distance the pins could be compressed, an evaluation was made where the ratio
between the volume of a pin (Equation 6) and the volume of a cell (Equation 7) were
calculated. Relevant distances can be seen in Figure 4.5 and the ratio can be seen in Table 4.3.

The distance was measured at the same place for all measurements,
located where the pins were compressed the most. This value served as a
guideline as the pins should not be able to move to the bottom as they
are stuck to the upper and lower surface.
Table 4.3 Ratio.

Diameter, pin [mm]
2
3

4.2.3

Ratio
0.13
0.28

Figure 4.5
Measurements.

Floor-to-THUMS Simulations

All floor-to-THUMS simulations were performed using the modified version of THUMS.
Hence, as the group at highest risk of fracture is elderly women, the model was scaled with
0.9 in x-, y- and z-direction, providing a model with a weight of 60.7 kg. In Sweden, the
average weight of women between 75-84 years old was 66.7 kg during the years of
2003-2004. [59] Morin et. al. [60] showed that incidents with fractures increases with
decreasing weight, whereof a relatively low weight was set up for the model during the
simulations performed in this thesis.
Based on the result from Section 5.2.2, the flooring system used during the simulations was
constructed of solid element with the mesh seen in Figure 4.4b.
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A total of 18 simulations were performed where geometry and material with different
properties were tested. In all simulations, THUMS was given an initial velocity of 3.0 m/s,
taken from the mean value from the study measuring the impact-velocity at falls (see Section
3.4). [37] The floor was positioned to the model´s left side, as can be seen in Figure 4.6, and
the velocity was set in positive x-direction. The floor did not cover the entire model so as to
minimize the memory and time requirement during simulations. Contacts were applied
between the floor and the surface of the legs, mid-part and buttock of the human. The left
arm was able to move freely through the floor and did not have any impact.
During the simulations, data was created every 2 ms, and the total simulation time was set
to 30 ms, provided enough time for the impact to be completed. Based on result from
Section 5.2.1, parameter of interest was primarily the force between the proximal femur and
the acetabulum (Ffemur) and the force between the buttock and the floor (Fbuttock). The peak
forces of Ffemur and Fbuttock were recorded in order to obtain the geometry- and material
properties providing the lowest values.
A simulation was initially made on the ground floor, with no outer shell or pins,
representing a person falling on rigid floor with no flooring system. The attenuation in
proximal femur force provided by each flooring system was calculated as the percentage
decrease in Ffemur compared to the rigid floor condition.

Figure 4.6 Position of the flooring system and THUMS in floor-to-THUMS simulations, with
coordinate system.
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5. Results
In this section, the results from the compilation of requirement together with modeling and
simulations are displayed.

5.1

Compilation of Requirements

A compilation of requirement, with a focus on the Swedish market, has been developed.
The compilation is a collection of information that was raised throughout the dialogues
carried out for the purpose of this thesis. A few requirements only concern the surface
floor and not the actual pin-structure. The requirements have been summarized and
divided into different categories, see Appendix B.
From data collected at the geriatric care facility in Stureby regarding aids on wheels, the
maximal force per unit area was calculated. The result established that the three mobile lifts
included in the comparison provided the highest weight per unit area, where the one with
the highest weight had a force of approximately 12.2 kg/cm2. For further results and
measurements, see Appendix C.
From the literature study, a total of fourteen articles were collected and summarized in
Figure 5.1. In the studies, the failure loads were estimated using similar set up as described in
Section 3.3. Six studies made a distinction between men and women; these are shown in
Figure 5.2. The I-bars, representing the standard deviation, indicate a wide dissipation
between individuals. Detailed data regarding failure load, sample and age can be seen in
Appendix D.
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Figure 5.1 Results from 14 studies reporting the failure load on the proximal femur among
cadavers from older adults in a sideways fall loading configuration. The I-bars represent the
standard deviation.
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Figure 5.2 Results from six studies reporting the failure load on the proximal femur among
cadavers from older adults in a sideways fall loading configuration, where distinctions were made
between men and women. The I- bars represent the standard deviation.
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5.2

Modeling and Simulation

5.2.1 Modification and Validation of THUMS
In the graphs in Figure 5.3, a comparison is displayed between the responses of an impact
occurring between a cylinder and four cadavers (Figure 5.3a), relative to an impact occurring
between a cylinder and THUMS, using a simulation-program (Figure 5.3b). During the
simulation, an error occurred after 14 ms, of why the graph in Figure 5.3b does not proceed
until limited time set.
The comparison provided an indication that THUMS did not preside as intended. A
noticeable difference from the graphs was that the peak force was not reached until after 14
ms in the simulations, while it was reached after approximately 10 ms according to the
study. Furthermore, the peak force in the simulation was not comparable to the peak force
in the study, and a distortion occurred after 4 ms in the simulation.

Figure 5.3 Force-time plot from a) the study conducted by Viano. Plot adapted from [56]. b) Plot
received from simulations on THUMS with no modifications, using initial velocity 5.1 m/s.

Modifications Performed on THUMS
Modifications performed on the model were:
-

For the model to behave more realistic, a new contact between the buttock and the
proximal femur was inserted. In the original THUMS, contact only existed between
the proximal femur and the outer shell of the buttock, contributing to the fact that
the tissue in the buttock passed by the proximal femur without contact. The new
contact was implemented in the same way as previous contact and consisted of the
proximal femur and twelve segments in the buttock, illustrated in Figure 5.4.

-

To remove the distortion, the right and the left proximal femur, with attached parts,
were translated to better fit the acetabulum and the pelvis. In the original THUMS,
a space between the proximal femur and the acetabulum existed.
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-

To reach higher maximal forces, the material of the buttock was changed to Ogden
rubber. In the original THUMS, the material of the buttock consisted of viscoelastic
material. [61]

Figure 5.4 New contact between the buttock (green part) and the proximal femur (brown part).
Seen from a) the side b) above c) the front.

In the graphs in Figure 5.5, a comparison can be seen between the responses when an
impact occurred between a cylinder and cadavers (Figure 5.5a), respective when an impact
occurred between a cylinder and the modified THUMS, in a simulation (Figure 5.5b).

Figure 5.5 Force-time plot from a) the study conducted by Viano. Plot adapted from [56]. b) Plot
received from simulations on THUMS with modifications, using initial velocities 5.1 m/s
(dash-dotted line), respective 5.3 m/s (solid line).

The peak forces received from the simulations were 6.68 kN for the initial velocity of 5.1
m/s, and 6.91 kN for the initial velocity of 5.3 m/s. The difference between the peak force
in the study and the peak force according to the simulations can be seen in Table 5.1.
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Table 5.1 Comparison between the peak force according to the study conducted by Viano and the
simulations.

Run
21
25
26

Initial velocity
[m/s]
5,1
5,3
5,3

Peak force, Viano
[kN]
6,43
6,94
7,32

Peak force, Simulations
[kN]
6,68
6,91
6,91

Difference
0,25
-0,03
-0,41

Evaluation of von Mises Stress and Peak Force
For evaluation, the simulation with the initial velocity 5.1 m/s was used.

Figure 5.6 1. Contact between inner buttock and pelvis. 2. Contact between proximal femur and
acetabulum. 3. Contact between proximal femur and segments of buttock. 4. Contact between
surface buttock and the cylinder. 5. Contact between femur and segments of buttock

Five different contacts were of interest and have been highlighted in Figure 5.6, where
contact 2 were identified as the contact providing the force between the acetabulum and
the proximal femur (Ffemur), corresponding to the force measured to estimate failure load in
fall loading conditions (see Section 3.3).
From the simulation, the peak force of Ffemur was 2.98 kN, while the peak force applied by
the cylinder to the buttock (Fbuttock) (contact 4 in Figure 5.6) was 6.68 kN. This implies an
attenuation of 55% as the force reached the proximal femur.
By contact 1 in Figure 5.6, a peak force of 0.44 kN was given, and by contact 5 in Figure 5.6,
a peak force of 0.71 kN was given. Furthermore, the implemented contact (contact 3 in
Figure 5.6) had a peak force of 3.65 kN. Hence, the soft tissue provided an attenuation of
34%. Remaining force has been attenuated by the pelvis and the femur. The von Mises
stress is illustrated in Appendix E, where can be seen that the largest stress acts on the
proximal femur.
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5.2.2 Modeling of the Flooring System
Influence of Surface Material
The material of the overlying floor had an influence on Ffemur and Fbuttock for less stiff
materials. Higher values of Young´s modulus did not provide large differences. In Table 5.2,
the peak force on the proximal femur and the buttock, using different surface material, can
be seen. Young´s modulus was set to 1.5 GPa for forthcoming simulations.
Table 5.2 Influence of surface material.

Young´s modulus
[GPa]
0.5
1.5
3.0

Peak force,
proximal femur
[kN]
1.81
1.56
1.61

Peak force,
buttock
[kN]
4.14
3.62
3.70

Influence of Pin-Construction
The pins constructed of beam elements could not be used. During impact, the distance
between the top of the beam and the ground floor was 3.09 mm. This provides a ratio of
0.15, which is below the ratio given in Section 4.2.2.4.
When the flooring system was constructed of solid elements, the distances between the top
of the pins and the ground floor was 7.68 mm for the refined mesh, respective 7.98 mm for
the coarse mesh. This provides a ratio of 0.38 respective 0.40. As both these values are
above the ratio given in Section 4.2.2.4, these constructions can be used. For the two meshes,
the peak force on the proximal femur was 1.66 kN and 1.56 kN, for the refined respective
the coarse mesh. Provided the reduced simulation-time, the coarse mesh was selected for
further simulations. The graph in Figure 5.7 displays the force on the proximal femur, using
a coarse respective a more refined mesh. The flooring system was running with a reduced
integration of the pins, as fully integration became unstable.
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Figure 5.7 Force-time plot of coarse mesh (dash-dotted line) respective refined mesh (solid line).

5.2.3

Floor-to-THUMS Simulations

From simulations of THUMS falling on rigid floor, a Ffemur of 2.30 kN was obtained. A
total of 18 simulations were performed using different parameters regarding the flooring
system. Two simulations failed prior to peak force because of instability. Attempt to
correct the errors were made as a refined mesh was provided. The simulations concerned
were with a height of 14 mm, a diameter of 3 mm and a shore of 48 respective 55. These
were longitudinally divided into eight sections instead of seven. Figure 5.8-Figure 5.10
presents the results of Ffemur for the different configurations, numerical values are provided
in Table 5.3.
From the values can be seen that a pin-structure of 3 mm provides better results for pins
with a height of 14 mm and 20 mm. While a diameter of 2 mm is preferable for pins with
a height of 10 mm for stiffer material.
The pins with a diameter of 3 mm and a height of 20 mm, using a shore of 55, provided the
highest attenuation. An illustration of a pin, as well as an impact between the model and
the flooring system, is illustrated in Appendix F.
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Pins 10 mm
2,5

Force [kN]

2,3
2,1
Diameter 2 mm

1,9

Diameter 3 mm

1,7
1,5
48

55

66

Shore

Figure 5.8 Force on the proximal femur, using pins with a height of 10 mm.

Pins 14 mm
2,5

Force [kN]

2,3
2,1
Diameter 2 mm

1,9

Diameter 3 mm

1,7
1,5
48

55

66

Shore

Figure 5.9 Force on the proximal femur, using pins with a height of 14 mm.

Pins 20 mm
2,5

Force [kN]

2,3
2,1
1,9

Diameter 2 mm

1,7

Diameter 3 mm

1,5
48

55

66

Shore

Figure 5.10 Force on the proximal femur, using pins with a height of 20 mm.
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Table 5.3 Results from Floor-to-THUMS simulations, using different parameters regarding the
pin-structure.
Pins

Simulation

Distance
between each
other [mm]

Diameter
[mm]

Height
[mm]

Material
(shore)

Peak force,
Proximal
Femur [kN]

Peak force,
Buttock
[kN]

Attenuation in
proximal femur
[%]a

-

-

-

-

2.30

5.01

0

5
5
5

2
2
2

10+2
10+2
10+2

48
55
66

2.09
2.05
2.10

4.38
4.35
4.31

9.13
10.87
8.70

5
5
5

3
3
3

10+2
10+2
10+2

48
55
66

1.93
2.13
2.18

4.46
4.52
4.60

16.09
7.39
5.22

5
5
5

2
2
2

14+2
14+2
14+2

48
55
66

2.06
2.01
2.06

4.29
4.28
4.26

10.43
12.61
10.43

5
5
5

3
3
3

14+2
14+2
14+2

48
55
66

2.01
2.02
1.68

4.25
4.18
3.93

12.61b
12.17b
26.96

5
5
5

2
2
2

20+2
20+2
20+2

48
55
66

2.08
2.09
1.91

4.27
4.25
4.14

9.57
9.13
16.96

5
5
5

3
3
3

20+2
20+2
20+2

48
55
66

1.56
1.54
1.64

3.62
3.64
3.99

32.17
33.04
28.70

Refers to the attenuation in peak force of proximal femur compared to the rigid floor
condition.
b Values are provided by a refined mesh.
a
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6. Discussion
The purpose of this thesis was partly to compile a set of requirements that the final
commercial product would need to fulfill, but also to perform simulations with a
computational human body model and a flooring system. The two parts are independent of
each other of why they have been treated separately. The discussion is based on the
compilation of requirements as well as factors regarding modeling and simulations. A short
comparison between different flooring system as well as ethical aspects and future studies
are also included.

6.1

Compilation of Requirements

The compilation of requirements developed in this thesis covers the issues discussed by
employees working in geriatric care as well as requirements stated by real estate concerns.
Since not many compliant flooring systems are used today, many requirements concerned
the overlying floor. Several plastic floors with different stiffness and properties are available
and utilized within the geriatric care. Therefore, it should not be a problem to find one best
suited for the pin-structure as well as fulfilling the requirements stated. The greatest
difficulties concerning compliant flooring system are the functional requirements. The
floor should be firm enough to walk on, so as not to impair stability or complicate daily
activities, but still deform when a lot of pressure is applied, to reduce peak impact force.
Some properties, such as insulating and sound absorbent, can actually be easier to improve
using a compliant flooring system.
During this thesis, it was of interest to get an understanding of different kinds of mobility
aids and their impact on a floor, in order to estimate how much force a floor must
withstand. As only a small range of devices available on the market were evaluated, the
computed force per unit area is limited. Furthermore, the assumption established - that the
wheels in the front and back carry equal load - is not a general fact. To achieve more reliable
data regarding pressure, pressure-sensitive film should for example be used. Despite this,
the calculations provide an indication of what a floor ought to withstands per unit area, and
may work as a guideline when establishing whether the floor fulfills the requirements
regarding the stiffness of the floor or not.
In the compilation of failure load, where human cadavers were tested in a load
configuration, it can be seen that the failure load varied a great deal between individuals,
hence the large standard deviation. A limitation of the use of these cadavers is that the
health and condition of the live bodies is not known, and may have affected results. A
person confined to bed rest will most likely become more fragile, as inactivity increases the
risk of osteoporosis. At the same time, they are not at risk of falling, and are more likely to
get help when required to move. According to the data, the force would have to be reduced
below 1 kN in order for the person with the lowest failure load not to risk a hip fracture

37

during a fall. However, a force of about 2 kN would be enough for most people, and may
be a more realistic value so as to fulfill the remaining functional requirements.

6.2
6.2.1

Modeling and Simulations
Total Human Model for Safety

In this thesis, THUMS was validated by a study using human cadavers, measuring the
impact force between the cylinder and the hip. From the study, a relatively large variation
regarding the peak force between the cylinder and the hip among different individuals
could be seen. This could be noted between cadavers with different properties, but also
when the same cadaver was used. Two of the runs (run 25 and run 26 in Table A1 in
Appendix A) that were conducted using the same cadaver, showed a result where the peak
force had a difference of 0.38 kN. In this thesis, the maximal difference was calculated to
0.41 kN. Although, as the properties of THUMS, in comparison to the cadavers, not fully
corresponded, this difference was considered acceptable. However, the peak force was
only compared with three values, implying a rather limited validation.
Because all people are different, there are a lot of factors to consider when forming a
model. Of importance when developing a compliant flooring system is that the floor must
protect people with different body-measurements from getting injured. Hence, the floor
cannot be too stiff so that a light-weighted woman would not be protected, but still stiff
enough to provide support for a heavy person. However, as illustrated in Figure 5.2 from
the data regarding failure load, it can be seen that the failure load among women are lower
than for men, of why a relatively low weight was set up for the model during the
simulations performed in this thesis. Although, to guarantee the utility of the floor for a
larger target group, simulations of different body-measurements would be needed.
It was also of interest in this thesis to measure the peak force acting on the proximal femur
during impact. As the validation-study only measured the impact force between the
cylinder and the hip, it could only work as an indication that THUMS provides realistic
results regarding the force on the proximal femur. From Table A1 in Appendix A, it is stated
that no fracture occurred during the three runs mentioned in the validation-study, implying
that the force acting on the proximal femur should not be that high. This fact indicates that
the value given is realistic. No study measuring the force on proximal femur using cadavers
has been found; therefore this cannot be examined any further.
Studies have concluded that the soft tissues thickness, surrounding the greater trochanter,
plays an important role and can prevent the risk of a hip fracture. Hence, a slimmer person
with less trochanteric soft tissue has a bigger risk of fracture during a sideways fall. [62]
Furthermore, Laing and Robinovitch [63], showed that the stiffness of the soft tissue varies
between different parts of the buttock, which would influence the response given when
falling at different angles. This is not taken into account using THUMS.
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In this thesis, the soft-tissue thickness used was the original used in THUMS, measured to
38.7 mm outside the greater trochanter in the diminished model. Therefore, the effects of a
different soft tissue thickness were not included. This may influence the result when
looking at the force acting on the proximal femur, as a reduced soft-tissue thickness would
imply a decreased attenuation by the soft tissue, resulting in higher forces on the proximal
femur. Studies where the soft tissue thickness has been measured have reported varied
data, ranging from 18 mm [64], using ultrasound, to 40.4 16.7 [65], assessed manually
from whole body scans. Both measurements were conducted among postmenopausal
women suffering a hip fracture. These numbers indicate that the soft tissue thickness used
in THUMS is within the correct range, but in order to simulate a worst case scenario, a
lesser thickness should be used.

6.2.2

Modeling of the Flooring System

When modeling the flooring system, two kinds of mesh were tested; one coarse and one
more refined mesh. When observing the graphs in Figure 5.7, a slightly smoother curve can
be seen using the more refined mesh. The coarse mesh behaves similarly, but the edges
become more distinct, which also may provide the slightly lower values of the peak force
on the proximal femur.
The surface material had not much influence regarding the force for the materials with
higher Young´s modulus. However, for a lower value of Young´s modulus, a relatively
large difference could be seen, as a more stiff material was preferable. When the less stiff
material was used, the deformed area was smaller. The stiffer materials provided larger
stress, allocated over a larger area, which resulted in lower force.
The flooring system was performed with a reduced integration of the pins (single
integration point), resulting in the occurrence of hourglass mode. Therefore, the pins did
not reach optimal configuration when buckle, which can be seen in Figure F1 in Appendix F,
where the pins are locked at the bottom. To eliminate hourglass energy, element
formulations with fully-integrated integration (see Section 3.6) can be used. With full
integration, the element at the bottom would probably deform. However, full integration is
more unstable in large deformations. During the thesis, trials were conducted with full
integration. These provided an unstable solution where error occurred in an early state of
the simulation, providing the result that this was not an option.

6.2.3

Floor-to-THUMS Simulations

The simulations do not imitate a realistic fall; therefore data provided in this report cannot
be compared to the failure load compiled in Section 5.1. Although, as a simulated fall has
been conducted on a rigid surface, it is possible to get results of the flooring-structure
providing the greatest attenuation of the force on the proximal femur.
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For the pins with a diameter of 2 mm, slight differences could be seen between different
materials and heights. The pins with a height of 20 mm, and a shore of 66, showed a
distinctive peak force, as this was reduced with almost 0.2 kN compared to a shore 48
respective 55 of the same geometry. When a comparison was made between shores of 48
and 66 respectively (see Figure 6.1 respective Figure 6.2), it could be concluded that the pins
buckled differently. In comparison to the same height using a diameter of 3 mm with a
shore of 48 (see Appendix F), could be seen that behaved as Figure 6.2, providing the
conclusion that this formation is beneficial so as to reduce force.

Figure 6.1 Impact of a pin with diameter 2 mm, height 20 mm, and shore-hardness 48. The pin
is shown after 0, 2, 4, 6, and 8 ms.

Figure 6.2 Impact of a pin with diameter 2 mm, height 20 mm, and shore-hardness 66. The pin
is shown after 0, 2, 4, 6, and 8 ms.

No distinction of how the pins buckled could be seen with the heights of 10 and 14 mm. As
the pins were divided in sections of 2 mm longitudinally, the pins with a height of 10 mm
could only bend in four parts, resulting in a limited formation as load was applied.
When using a more dense mesh on pins with a height of 14 mm and a diameter of 3 mm,
for a shore of 48 respective 55, these values showed great variations in comparison to the
same geometry using shore 66. As stated previously, a refined mesh provided higher force,
which explains the large differences. A comparison of these pins can therefore be
misleading.
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Comparison with other Compliant Flooring Systems
In a previous study by Laing and Robinovitch [13], four different compliant flooring
systems were tested, using a hip impact simulator. In the study, a force attenuation of
22.5% was established, as the competitor flooring system SmartCell at a velocity of 3 m/s
was tested. This flooring system had a height of 25 mm, comparable to the highest
geometry tested in this thesis. According to the results from this thesis, the peak force
attenuation was 33.04%, providing a slightly higher attenuation. However, the rigid control
floor used in the referred study, consisted of a 2 mm thick layer of dense natural rubber, as
a direct comparison can be misleading. For softer variants of compliant floors tested in the
study, a force attenuation of up to 78.3% could be concluded. Although the height of the
floors tested were somewhat higher; 100 mm respective 110 mm, and an affected balance
among elderly women could be concluded, as these kinds of floors are not appropriate
within the geriatric care.

6.2.4

Advantages

When developing a new product, simulations have the advantage of being able to test
different configurations with relatively low effort, but also, with the use of computational
human body models, see the effects of a fall on the body. As different configurations can
be tested before prototypes are developed, it is beneficial from an economical perspective.
In comparison to hip impact simulators, simulations make it possibility to simulate the
response of a whole human, while approximations to a larger extend need to be made when
using a hip impact simulator.

6.2.5

Limitations

Although simulations have the ability to contribute with knowledge and understanding, it is
important to highlight that simulations also have limitations. Since the flooring system was
composed by a simplified mesh, the given values are not as accurate, which also could be
concluded by looking at the energy levels. No configuration of the flooring system tested in
this thesis provided an hourglass energy less than 10% of the internal energy (stated as the
rule of thumb in Section 3.6). When comparing the energy-levels of the whole system during
peak force, relatively high hourglass energy levels were in general located for the different
configurations. Some configurations even provided a higher value of the hourglass energy
in comparison to the internal energy. These were for example the pins with a diameter of 2
mm and a height of 20 mm with a shore of 48 and 55. This was not the case for a shore of
66, which also may explain the differences between the results regarding these
configurations, as discussed above (see Section 6.2.3).
When the same configuration were used with a refined respective a coarse mesh, it could be
seen that the internal energy was the same, while the hourglass energy provided big
differences. The hourglass energy was here reduced with approximately 25% with the use
of a more refined mesh. Although, still providing an hourglass energy of approximately
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67% of the internal energy. This indicates that a denser mesh is needed in order to receive
more accurate results. As many simulations were to be performed during the thesis, the
time aspect was of importance, by that the reason to use a coarser mesh.
The slightly more refined mesh provided somewhat higher peak force on the proximal
femur than the coarse mesh that was used during the simulations. This indicates that the
peak force given during the simulations might provide a value that is too low. Nevertheless,
as the same mesh was used during most simulations, an indication can be seen of which
structures providing the best results.

6.3

Ethical Aspects

Fall and fall-related injuries may result in a lot of suffering for the individuals affected.
Studies have shown that for people who have fallen once, the risk for an additionally fall
increase. The fear of falling again results in a more passive lifestyle, with decreased activity.
This leads to muscle decrease and that the body becomes more fragile, resulting in a higher
risk for falling as well incur a severe fracture. [66]
A compliant flooring system may provide an improved quality of life among elderly people,
and may encourage to a more active lifestyle, as people can move more freely and do not
have to be afraid of falling to the same extent. As compliant flooring systems provides
equal protection to everyone inside, elderly people who, for example, suffer dementia or do
not have the ability to put on hip protectors, do not have to rely on other people as much.

6.4

Future Studies

In this thesis, THUMS and the flooring system have been evaluated to achieve reliable
results. Further improvements need to be made so as to attain data concerning the force
acting on the proximal femur during a more realistic setup regarding the position while
falling. Considerable aspects influencing the force on the proximal femur are also the soft
tissue thickness overlying the greater trochanter. Further simulations regarding models
with various body-measurements and initial velocities should also be evaluated, as the floor
is required to protect people with different heights and weights.
To find an optimal geometry for the pin-structure, more simulations need to be performed.
The height of the flooring system as well as the material of the pins covers a broad interval,
but as only two diameters of the pins with the same distance between each other were used,
further configurations should be developed, which may provide larger attenuation.
Furthermore, the mesh used in the thesis was coarse and can be used to give an indication
of an optimum. However, the pins providing the best results may have to be further
evolved, using a more refined mesh.
The values provided in this thesis may work as a guideline in the Vinnova-project, where
they can give an indication what the pins should look like. The flooring system needs,
however, to be verified via mechanical tests.
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7. Conclusion
To protect most people from suffering a hip-fracture during a fall, the force on the
proximal femur would have to be reduced below 2 kN. At the same time, an excessive
reduction in floor stiffness may influence daily activities, and a floor has to be stiff enough
to withstand a force of about 12.2 kg/cm2, which is given by a mobile lift.
Via a validation, it was concluded that THUMS did not accurately respond as cadavers, and
modifications regarding contacts, material and the proximal femur were made. During
floor-to-THUMS simulations, the position of THUMS was not considered, resulting in an
impact that does not accurately describes a realistic fall of a person. As the angle of a fall
influences the force acting on the proximal femur, no conclusion could be made whether
this flooring system would reduce the force on proximal femur to a level below failure load.
When compared to the rigid floor condition, the simulations showed that a reduction of
the peak force on the proximal femur could be attained with this flooring system. A
maximal attenuation of 33.04% was achieved using pins with a diameter of 3 mm, a height
of 20 mm and a distance of 5 mm between the mid-lines of the pins. The material had a
shore of 55.
These simulations may work as a guideline, but because of the coarse mesh that was used,
the simulations have some limitations. If more accurate solutions are needed, a more
refined mesh is recommended.
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Appendix
Appendix A – Description of a study conducted by Viano
In the study, fourteen unembalmed cadavers were exposed to lateral impacts on three
different locations on the body; chest, abdominal and pelvis, where impacts on the pelvis
were of interest. To assure that the cadaver in the study did not have any pre-existing
fractures or anomalies, each specimen was examined radiologically before the tests. The
impact on the pelvis was done using a pendulum with a weight of 23.4 kg. The interface of
the pendulum was smooth and flat with a diameter of 15 cm. The pendulum was freely
suspended and accelerated to impact speeds of 3.6-10.2 m/s using a pneumatically charged
cylinder. The cadaver was suspended upright with hands and arms over the head as
illustrated in Figure A1. The specimen was rotated so that pelvic impacts were conducted at
90 degrees lateral, with the pendulum centered on the greater trochanter. The pendulum
force was given between the pendulum and the cadaver using a uniaxial accelerometer.
After the tests, x-rays were taken to see if any fracture occurred during impact. Some of the
result from the study can be seen in Figure A2 and Table A1. [56]

Figure A1. Experimental setup with a pendulum and upright supported specimen. Figure adapted
from [56].
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Figure A2. Force-time plot from three runs for lateral pelvic impact. Figure adapted from [56].

Table A1. Properties and results from three runs for lateral pelvic impact. Table reproduced from
[56].

Run Sex

Age
Weight
[years] [kg]

Height
[m]

Impactor
Pendulum
Speed [m/s] force [kN]

21
25
26

29
62
62

1.730
1.765
1.765

5.10
5.30
5.30

Male
Male
Male

70.30
83.91
83.91

6.43
6.94
7.32

Total
number of
fractures
0
0
0
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Appendix B – Compilation of requirements
The numbers states the requirement stated on the flooring system. When needed, a
comment is included in italic.

Safety requirements
1. The fire requirements must meet the European classification Cfl-S1 and Bfl-S1 for
domestic environment and wet room areas respective public spaces.
2. The friction requirement must meet friction class R9 for domestic environments
and public spaces respective R10-R11 for wet room areas.
Comment: The German DIN 51130 test method is applied as friction is determinate.

Construction- and installation requirements
For rooms with hygiene class 1 applies:
3. Fixed threshold should not occur in locations where they may hamper
transportations of beds and trolleys.
4. Doors should be able to open and shut.
5. Level differences that obstruct accessibility for residents and staff should not occur.
6. The floor should be in manageable formats.
7. The surface floor and the pin-structure should be able to glue towards each other as
well as the rough floor.
8. The floor should be able to be placed into new buildings as well as restoration.
In rooms with hygiene class 2 applies also:
9. Flooring material should be possible to pull up on the wall as a skirting.
10. The floor should be seamless or with welded joints.
Comment: Hygiene class 2 has higher demands on the hygiene and involves for example treatment rooms,
examination rooms, kitchen, disinfection rooms, toilet- and sanitary facilities. The further requirements are
applied for microorganisms not to be able to penetrate underneath the floor which can create problems.

Environmental requirements
11. The floor should be assessed in the Swedish ”Byggvarubedömningen” as accepted
or recommended.
Comment: Byggvarubedömningen includes:
Emissions
In agreement with Byggvarubedömningens regulations shall the emission factor for flooring and leveling
compounds fall below 400 μg/m3 after four weeks. This is the same concentration limits as M1 and M2 from
Committee Indoor Air Classification from Finland.
3

Recommended = M1 = <200 μg/m3.
Accepted = M2 = <400 μg/m3.
Chemical use
The material should be registered in BASTA. BASTA is a list of building products that meet the essential
requirements regarding environmental and hazardous properties. The products in the BASTA system is
assessed based on their chemical content based on a number of requirements that products must meet.
Based on the certification system “Miljöbyggnad”, buildings can achieve Bronze, Silver or Gold. If the
material is assessed as "recommended" or "accepted" according to the byggvarubedömningen, the classification
Gold is achieved. However, judgment is made in several areas (energy, indoor environment and building
materials) which contribute to other factors playing an important role in order to achieve this class.

Cleanliness requirements
12. The floor material should be easy to clean and resistant to dirt.
13. The floor must withstand processing of cleaning machine/scrubber.
14. The floor material must withstand disinfection actions with appropriate
disinfectant.
15. Colors and patterns should not hamper the discovery of stains and spills.
16. The floor must be of non-absorbent material.

Durability requirements
17. The floor should have a lifespan of up to 30 years.
Comment: In theory, floors should be replaced every 15th year. However, in real life this is not often applied,
contributing to the fact that the function of the floor should sustain in 30 years. If the function of the floor
decrease this has to be specified.
18. The floor should be durable.
19. The floor should retain its normal shape during usage and should not leave
permanent damages in form of for example holes.
Comment: Beds are not supposed to leave marks as they stand in the same position during a longer time. Some
sort of cover may be required.
20. Chair protection
Comment: Chair protectors may be required underneath desks.
21. Shrink/dimensional stability <0,4%
22. The floor must withstand urine and other fluids and the floor should not be
destroyed as this is not taken care of at once.
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Comment: A major problem area is water in large quantities. It is important that the floor withstand this
and that water do not penetrate to the pins and the rough floor.

Functional requirements
23. The floor should decrease injuries caused by fall.
24. Devices on wheels should be easy to move and the floor should not prevent
accessibility.
25. The floor should not impair stability

Design requirements
26. The height of the floor should be of standard thickness.
Comment: A thickness of 14 mm is a standard measurement often used and would probably work in most
restorations. A thickness of 18 mm may work as well. As the floor gets higher than 20 mm, this may
potentially cause problems with for example doors and radiators at restorations. If the floor would become over
20 mm, it would probably only be considered at new construction.

Other requirements
27. The floor should be aesthetic attractive.
Comment: Should give a homelike feeling.
28. The floor should not shine.
29. The floor must be free of interferingly odors.
30. Colors and patterns should not hamper the discovery of stains and spills
31. Great contrasts between floors should not occur.
32. The floor should be easy to maintain.
33. The floor should be sound absorbent.
34. The floor should be insulating.
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Appendix C – Aids on wheels
Table C1 below shows measurements of five devices on wheels, where three mobile lift, one
transportation of food and one wheelchair are included. The two tables in Table C1 show
the same devices where the first compile information regarding type of aid, weight, total
numbers of wheels, total contact area and the weight per area of unit. In the second table
information regarding the wheels is concluded.
Table C1. Data and calculations for five aids on wheels.
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Appendix D – Failure load
Table D1. Results from 14 studies reporting the failure load on the proximal femur among
cadavers from older adults in a sideways fall loading configuration. Study, failure load, sample and
age are included.
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Appendix E – von Mises stress

Figure E1. Start position of THUMS, with coordinate system. Fringe levels given in [GPa].

Figure E2. Von Mises stress during hip-impact by a rigid cylinder after 2 and 4 ms.
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Figure E3. Von Mises stress during hip-impact by a rigid cylinder after 6, 8, 10, 12, 14 and 16 ms.
Peak force is reached after 12 ms.
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Appendix F – Impact between THUMS and the flooring system

Figure F1. Illustration of a pin during impact. Peak force is reached after 20 ms.
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Figure F2. Illustration of an impact between THUMS and the flooring system.
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